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Abstract 
Phosphine is a chemical fumigant used for the protection of stored grains from insect 
pests, which is essential to ensure market access for Australian grain exports as well as to 
ensure global food security. The emergence of strong phosphine resistance in multiple 
species of insect pest threatens the future utility of the fumigant, for which there is no 
replacement. In this thesis, I investigate the genetic basis of phosphine resistance using 
the tractable model organism Caenorhabditis elegans.  
The ability to study phosphine resistance using a model organism was made possible 
when Paul Ebert’s laboratory established a strain, dld-1(wr4), of C. elegans that is 
resistant to phosphine due to a mutation in the same core metabolic enzyme that is also 
the cause of phosphine resistance in grain pests. A major part of this thesis was devoted 
to the development of a modern system of computer aided data capture and analysis 
capable of greatly improving the efficiency of C. elegans as a model organism for 
toxicology. This system, published as Automated Wormscan, uses commercially available 
flatbed transmission scanners and bespoke software (made freely available to the public 
under a GNU general public licence) running on a standard desktop computer. This 
system replaces the use of microscopy and manual animal stimulation for mortality 
assessment as had been used to conduct C. elegans toxicology previously. By analysing 
images acquired from sequential scans of C. elegans on agar plates, the system can 
generate data on multiple toxicological endpoints including mortality, developmental rate, 
size, shape, behaviour and fecundity. I conducted multiple assays demonstrating that the 
system has an ability to produce data consistent with manually recorded measures of 
population size, and can correctly replicate previously published measures of differential 
phosphine induced mortality, delayed development and reduced brood size of well-studied 
C. elegans mutant strains. Importantly, the system relieves C. elegans researchers of a 
great deal of burdensome manual labour that improves the efficiency of toxicological 
assays by over 50 fold and removes a systematic bottleneck. With this system, very large 
numbers of worms can be assayed simultaneously, which facilitates large screens and 
allows complex combinatorial research paradigms to be explored, while simultaneously 
improving statistical rigor. I have also implemented the system as a module in an 
advanced research laboratory for advanced undergraduate students. 
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In the second part of this thesis, I applied the Automated Wormscan system to the problem 
of phosphine resistance. Because the mutation conferring resistance to phosphine in C. 
elegans was previously found to also increase lifespan, I hypothesised a role for the 
evolutionarily conserved lifespan and stress resistance regulator, DAF-16. I conducted 
large-scale toxicological assays that demonstrate that a daf-2 mutant strain in which DAF-
16 is constitutively activated, displays similar levels of phosphine resistance as dld-1(wr4), 
and that the resistance in the daf-2 strain is DAF-16 dependent. Further assays with 
additional long lived mutant strains not linked with DAF-16 were not resistant to phosphine. 
Given the association between phosphine resistance, DAF-16 activation and dld1 
mutation, I sought to determine whether this association was true of other phosphine 
related phenotypes. Phosphine exposure reduces C. elegans fecundity, so I tested the dld-
1(wr4) mutant, that is known to resist phosphine induced mortality in adults, for its ability 
maintain fecundity despite exposure to sublethal levels of phosphine. Both daf-2 and dld-
1(wr4) strains have protected germlines, which in the case of daf-2 has been investigated 
and found to be entirely dependent on DAF-16.  
I then used the recent observation that exposure to a period of heat shock preconditions 
wild type nematodes to resist phosphine as a distinct opportunity to investigate the role of 
DAF-16 in phosphine resistance. I assayed strains with differentially activated DAF-16 for 
an effect on heat preconditioning, during which, I unexpectedly discovered that daf-2 
mutants can be made further resistant to phosphine by preconditioning while dld-1(wr4) 
cannot. In the final part of this study, I directly assessed the activation of DAF-16 in 
connection with the response to phosphine. An essential component of DAF-16 activation 
is its translocation from the nucleus to the cytoplasm, which I monitored as migration of the 
DAF-16::GFP fusion construct to to the nucleus in response to phosphine stress. I 
discovered that DAF-16 is consistently and immediately transported to the nucleus in 
response to phosphine exposure. To investigate this behaviour in resistant animals, I 
crossed the DAF-16::GFP reporter into the dld-1(wr4) mutant background. I discovered 
from this that, like daf-2 nematodes, the DAF-16::GFP reporter is constitutively located in 
the nucleus of dld-1(wr4) nematodes. Taken together, the results from this study provide 
compelling evidence that the resistance to phosphine resulting from the dld-1(wr4) 
mutation is mediated through DAF-16, a discovery with important implications in 
understanding the genetics of phosphine resistance.  
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The model arising from this research, of resistance caused by the disruption of 
mitochondrial function ultimately leading to the activation of DAF-16, is consistent with the 
concept of mitohormesis, a recently emerging theory in the fields of ageing and stress 
tolerance, which sees reactive oxygen species arising from impaired mitochondrial 
function as an intracellular signal that causes the marshalling of protective mechanisms 
that protect the cell from stresses, including oxidative stresses. 
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Introduction  
Fumigation with Phosphine to control pest insect infestation is one of a very few chemical 
treatments which are appropriate for use with food [1]. In fact, it is the primary means of 
controlling stored grain pests, with exceedingly few available alternatives [2]. 
Unfortunately, the utility of this fumigant can be compromised by emergence of phosphine 
resistance in multiple species of insect pests including Rhyzopertha dominica [3], 
Tribolium castaneum [2], and Sitophilus oryzae [4]. This resistance is now at a very high 
level across the globe, particularly in China [5], India [6], Bangladesh [7], and Brazil [3]. 
Recently, high level phosphine resistance has also emerged in Australian grain pests, 
sparking new efforts to contain and control the resistance as well as to understand the 
underlying molecular basis for it [2,8]. The mechanism of phosphine toxicity is elusive, and 
is only beginning to be understood, but is thought to operate through neural [9–13] or 
mitochondrial [13–18] disruption, and/or by the induction of oxidative damage [13,19–21].  
C. elegans is an important model organism for ageing and toxicological research due to its 
size, simplicity, and fecundity [22–24]. Furthermore, C. elegans have a very short natural 
lifespan, making them ideal for studies into the mechanisms of lifespan determination [25–
28]. The ability to assay the worms in large numbers makes it possible to address the 
immense combinatorial challenge of testing large chemical libraries to identify bioactive 
compounds against large numbers of strains. C. elegans has been used extensively to 
examine the response of this important model organism to phosphine exposure 
[18,22,24,29–31]. In my thesis, I utilise this model organism system to investigate the 
mechanisms of phosphine resistance. 
There has been a recent surge of interest in rapid data acquisition to increase the potential 
throughput and reduce the labour costs of large scale C. elegans studies. In the Ebert lab 
in 2012, Mathew et al. developed WormScan, a low cost analysis tool that uses high 
resolution flatbed scanners and computer analysis to collect mortality data from C. elegans 
on petri dishes [32]. This system replaces microscopy with commercially available 
transmission flatbed scanners, and replaces the mechanical stimulus of a platinum wire 
probe with the aversive stimulus of the bright light from the scanner, which was 
demonstrated to induce comparable responses. However, while WormScan employed 
computer image processing of scanned images to replicate human counting, the system 
was not automated. Part of this thesis involved the development of a scanner- based 
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automated high-throughput data collection system specialised for C. elegans toxicology. It 
allows an operator to count over ten thousand individual organisms per hour, with only 
approximately ten minutes of actual operator labour. This system is used heavily in 
subsequent studies on the toxicology of phosphine in C.elegans. 
 
 
The Ebert laboratory recently discovered that the genetic locus responsible for high level 
phosphine resistance in grain pests encodes Dihydroplipoamide Dehydrogenase (DLD). 
Furthermore, they isolated a mutation in that gene in C. elegans (dld-1(wr4)). This single 
base-pair mutation displays a phenotype of both phosphine resistance and a post-
reproductive lifespan extended by as much as 30% [22,24,33]. DLD participates in four 
distinct protein complexes, in each of which it catalyses the reduction of NAD+ to NADH. 
These complexes include pyruvate dehydrogenase (PDH), which links glycolysis to the 
TCA cycle and alpha-ketoglutarate dehydrogenase (KGDH), which is a component of the 
TCA cycle as well as the branched chain ketoacid dehydrogenase (BCKDH) and the 
glycine cleavage system (GCS). Several of these complexes are targeted by biological 
mechanisms that act to coordinate metabolic pathways in response to long term starvation 
and/or stress [34–38]. The localisation of a phosphine resistance phenotype and a 
significant lifespan extension phenotype to a single gene leads us to hypothesise that 
phosphine resistance operates through the activation of genetic pathways that coordinate 
stress response, many of which are known to have concomitant lifespan extension [23]. 
The best studied of these are the signalling pathways and transcriptional programs that 
centre abound the ‘FOXO’ forkhead box transcription factors, which have gained much 
interest in recent decades as they appear to link longevity to stress resistance [39]. 
In C. elegans, the transcription factor DAF-16 is the only FOXO-class gene, and it is 
directly or tangentially involved in many of the animals stress responses and genetically 
regulated longevity effects. [40–43]. DAF-16 is the downstream target of insulin/ insulin-
like growth factor signalling (IIS), and its constitutive activation in IIS-supressed mutant 
animals is thought to be primarily, if not exclusively, responsible for the lifespan extension 
in those strains. In many other long-lived mutants, the longevity phenotype is known to be 
DAF-16 dependent, and this is also true of many lifespan-modulating treatments, such as 
dietary restriction [44,45]. DAF-16 also mediates lifespan extension and stress resistance 
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induced by many other pathways and treatments, including the lifespan extension of 
sensory perception mutants [46,47]⁠, germline ablated animals [48]⁠, JNK overexpression 
[49–51]⁠, some aspects of caloric restriction [52],⁠ and Sirtuin activity [53,54]. DAF-16 is the 
ultimate downstream target of activity of the insulin receptor DAF-2, which instigates a 
signalling cascade resulting in DAF-16 phosphorylation. The result of phosphorylation is 
the retention of DAF-16 in the cytoplasm, where it is inactive. [40–42]. Daf-2 mutants are 
stress resistant and long-lived, in a daf-16 dependant manner. The downstream activity of 
DAF-16/FOXO involves the regulation of transcription of genes, thought to constitute 
protective stress resistance program [43,55–57]. 
Given the capacity of DAF-16 to regulate the expression of such a large number of genes 
involved in such a diversity of stress responses, it is perhaps unsurprising that a large 
number of signals and signalling pathways other than IIS also converge on it. Many of 
these pathways communicate the energy status of the organism and trigger DAF-16 
activation under conditions of energy insufficiency. [58–62] 
Overall, DAF-16 is a central coordinator of a large portion of the stress responses and 
survival mechanisms in C. elegans, receiving signals from many different pathways and 
transducing them, via an arsenal of possible protein modifications and interactions, into 
scenario-specific genetic programs. A major part of this thesis is concerned with 
investigating the contribution of daf-16 to phosphine resistance. 
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Abstract 
There has been a recent surge of interest in computer-aided rapid data acquisition to 
increase the potential throughput and reduce the labour costs of large scale 
Caenorhabditis elegans studies. We present Automated WormScan, a low-cost, high-
throughput automated system using commercial photo scanners, which is extremely easy 
to implement and use, capable of scoring tens of thousands of organisms per hour with 
minimal operator input, and is scalable. The method does not rely on software training for 
image recognition, but uses the generation of difference images from sequential scans to 
identify moving objects. This approach results in robust identification of worms with little 
computational demand. We demonstrate the utility of the system by conducting toxicity, 
growth and fecundity assays, which demonstrate the consistency of our automated 
system, the quality of the data relative to manual scoring methods and congruity with 
previously published results. 
Introduction 
Several techniques exist for digitisation and computational analysis of Caenorhabditis 
elegans, with the highest throughput techniques being those that utilise photo-grade 
flatbed scanners for image acquisition. The first of these, WormScan [32], lacks post-
acquisition automation of data processing, whereas the second, The Lifespan Machine 
[63], is more complicated to implement and is computationally intensive. We present a 
very simple to implement, low-cost system based on automating elements of WormScan, 
which can score C. elegans on agar plates for mortality, size, and fecundity at a rate of 
tens of thousands of worms per hour with very little operator input. 
C. elegans is the premier model organism for ageing and toxicological research. They are 
among the most intensively studied organisms of the last 50 years, which has resulted in 
the development of powerful genetic and molecular research tools. These tools include an 
extensive collection of readily available mutant strains [64], comprehensive and 
commercially available RNAi libraries [65], and a large collection of strains that each 
contain a GFP tagged gene. These strains provide multiple avenues by which genes of 
toxicological importance can be efficiently investigated, either individually or in 
combination. Additionally, the size, simplicity, and fecundity of the organism make it a 
popular choice for toxicological studies [22–24]. Furthermore, C. elegans have a very short 
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natural lifespan, making them ideal for studies into the mechanisms of lifespan 
determination [25–28]. The ability to assay the worms in large numbers makes it possible 
to address the immense combinatorial challenge of testing large chemical libraries to 
identify bioactive compounds against a large numbers of strains. 
There has been a recent surge of interest in rapid data acquisition to increase the potential 
throughput and reduce the labour costs of large scale C. elegans studies. In 2012, Mathew 
et al. developed WormScan, a low cost analysis tool that uses high resolution flatbed 
scanners and computer analysis to collect mortality data from C. elegans on petri dishes 
[32]. This system replaces microscopy with commercially available transmission flatbed 
scanners, and replaces the mechanical stimulus of a platinum wire probe with the aversive 
stimulus of the bright light from the scanner, which was demonstrated to induce 
comparable responses. However, while WormScan employed computer image processing 
of scanned images to replicate human counting, the system was not automated. The 
'Lifespan Machine', a more sophisticated, higher throughput system was then developed, 
which, like WormScan, relies on machine learning to identify worm-like objects [63]. In its 
current implementation, this system requires sophisticated IT support. 
Here we present an automated software system, Automated WormScan. It is extremely 
easy to implement and use. It employs low-cost hardware that can be set up by a person 
with average computer skills in under an hour, and can be used by any researcher with 
typical computer expertise. Any number of scanners can be run simultaneously from a 
single standard desktop PC. Three scanners permit an operator to count over ten 
thousand individual organisms per hour, with only approximately ten minutes of actual 
operator labour. By comparison, traditional microscope-based counting methods often 
count fewer than 500 individuals per hour of uninterrupted labour. 
The automated system does not depend on machine learning for image recognition, but 
rather relies on an alternative worm counting method of WormScan, the generation of a 
difference image from sequential scans, with moving objects scored as live worms. This 
approach results in robust identification of worms with little computational demand. We 
demonstrate the utility of the system by conducting toxicity, growth and fecundity assays 
that demonstrate the consistency of our automated system, the quality of the data relative 
to manual scoring methods and congruity with previously published results. For this 
analysis, we use fumigant phosphine as a toxic stress as our lab has studied the 
toxicology of this compound quite extensively [22,24,29,66–69]. We do, however, routinely 
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use the system to study the toxic or protective effects of a wide range of other gases and 
dissolved compounds as well.  
Methods 
Scanning 
As with both WormScan and the recent Lifespan Machine system, an Epson v700 (or 
v800) photo scanner is used to take transmission scans of C. elegans grown on a thin 
lawn of Escherichia coli on agar growth medium in 6cm petri dishes [32,63]. In order to 
minimise the possibility that worms will be in physical contact at the time of scanning and 
accidentally counted as a single worm, up to 100 worms are scanned per plate. Scans are 
initially acquired as .tiff images in 16 bit greyscale at 2400 dpi, but are then saved as 
condensed jpeg images. This ensures sufficient pixel count to be able to distinguish small 
differences between sequential images, while minimising file size. Up to 12 populated petri 
dishes can be scanned at a time in each scanner, and all are scanned simultaneously. 
This is followed immediately by a second scan, each scan taking approximately ten 
minutes. While all experiments in this study used three scanners simultaneously, there is 
no absolute limit to the number of scanners that could be utilised in parallel. 
Image analysis and data concatenation 
The software for automated analysis of the images exists as two components; a plugin for 
the FIJI image processing application [70], and a macro for Microsoft Excel. The FIJI 
plugin automates a sequence of image manipulations that generates a reliable count of the 
number of light-responsive individual organisms on each agar plate. The Excel macro then 
automates the extraction, labelling and concatenation of these counts into a spreadsheet. 
Worm strains and maintenance  
Worm maintenance was carried out according to the standard procedures in Wormbook 
[71]. Briefly, worms were grown on solid nematode growth medium seeded with E. coli 
OP50, and maintained at 20 degrees. Populations of nematodes were synchronised by 
dissolving gravid adult worms in 1.5% hypochlorite bleach and 0.75M NaOH to release 
their eggs. Eggs were immediately rinsed in M9 buffer and maintained overnight at room 
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temperature in M9 buffer with gentle shaking to allow the eggs to hatch. The resulting L1 
larvae were then transferred to NGM agar plates seeded with OP50 to initiate growth [71]. 
Phosphine generation and treatment 
Phosphine was generated as described in Cheng et al., 2006 [24] by dissolving 
commercially available ammonium phosphate tablets ('Quickphos' supplied by UPL ltd.) in 
5% sulphuric acid in a glass Valmas Chamber. The resultant phosphine was then 
quantified using a phosphine gas monitor (Canary ‘SmarTox-O’ PLZZ) and injected 
through a septum into a sealed glass desiccator, to achieve the concentration required by 
the parameters of each experiment.  
Worms were grown on NGM agar plates seeded with OP50 at 20°C for 48 hours, by which 
time they had reached the early L4 stage of development. Prior to exposure to phosphine, 
the number of live worms on each plate was determined by the Automated Wormscan 
procedure described in this paper. These plates were then sealed inside the desiccators 
prior to phosphine injection and were exposed to phosphine for 24 hours. Worms were 
then removed from the chambers and permitted to recover for 48 hours, at which time the 
number of surviving worms on each plate was determined by Automated Wormscan. 
Results 
Automated Wormscan implementation and operation 
The required software for Automated WormScan can be downloaded as an easy to install 
complete software package available at doi, 10.5256/f1000research.10767.d152697. 
Installation and running of the software are fairly intuitive, but detailed instructions can be 
found in the comprehensive user guide (Appendix 1). The software is based on the FIJI 
image analysis software package, version 1.49m. If FIJI is already installed, the plugins 
and macros can be added to the current installation, as described in the user guide 
(Appendix1). A macro designed to work with Microsoft Excel is also provided to assist with 
data compilation and formatting. The software has been developed to run on a computer 
running Windows 7 or higher. The minimum system requirements are low, with the 
program confirmed to run on a desktop PC with an Intel Core 2 processor and 4GB ram. 
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A set of twelve 6 cm plates are scanned as described in Methods and in the user guide 
(Appendix 1). Computational analysis of the images begins with the flipping of the images 
around the vertical axis to make the plate locations correspond intuitively to their locations 
on the scanner. This image is then split into 12 individual images corresponding to each 
individual plate. The second scanned image of the same 12 plates is likewise split into 12 
individual images. Each of the 12 individual images from the first scan is paired with the 
corresponding images from a second scan. These paired images are then precisely 
aligned using image stabilization (Kang Li. 2008. The image stabilizer plugin for ImageJ. 
Available: http://www.cs.cmu.edu/~kangli/code/Image_Stabilizer.html) so that each pixel 
can be compared for a difference in intensity between the two images. The outcome is a 
greyscale difference image, in which the whiteness intensity of each pixel corresponds to 
the degree to which that pixel differed in intensity between the first and second scan. This 
is then converted to true black-and-white with the use of an edge detection function 
(Boudier T, Meys J. 2015. Edge Detection. Available: 
http://imagejdocu.tudor.lu/doku.php?id=plugin:filter:edge_detection:start). Particle analysis 
of this image is then performed, which generates a count of areas on the image that differ 
between the two scans, as well as circumference measurements for each of these. Size 
parameters are pre-set to exclude identified areas that are too large or too small to be L4 
nematodes (>6mm, <0.4mm in diameter), such as refractive areas of the petri dish or dust 
particles. It is possible to alter the pre-set parameters to identify and count worms of other 
developmental stages. 
The worm identification, measurement and counting functions are fully automated, so will 
proceed until an entire folder of scanned images has been processed. A difference image 
with worm-like features highlighted is created for each plate and is also archived to allow 
visual confirmation of results and as a permanent record of the experiment (Figure 1). The 
processing of a large number of scans (>30) requires several hours. However, a human 
operator is not required during this entire period, so it is convenient to run the process 
overnight.  
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FIGURE 1: MOVEMENT BASED IDENTIFICATION OF CAENORHABDITIS ELEGANS BASED ON PIXEL 
INTENSITY DIFFERENCE BETWEEN TWO SUCCESSIVE SCANS OF AN AGAR PETRI DISH.  
(A) A high-resolution scan of a petri dish containing a population of approximately 100 early L4 
stage C. elegans individuals. (B) A difference image produced from a pixel-by-pixel comparison 
with a second image taken of the same plate ten minutes later. White regions correspond to a 
worm that moved from its original location during this time. (C) Regions of interest from the 
difference image that have worm-like size and shape attributes are identified. Archival images are 
created with an outline of identified worm-like objects overlaid on the original images. 
 
The end product of the computational analysis is a spreadsheet for each individual plate, 
containing a series of measures of each area of difference (and hence, of each worm). 
These measurements include circumference, area and circularity, which are potentially 
useful for comparing worm size or developmental stage. An Excel macro has also been 
developed, which imports the data from the FIJI plugin into an Excel spreadsheet 
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template. This results in a table of raw data suitable for statistical analysis and graphing 
(Figure 2) 
 
FIGURE 2: EXAMPLE DATA-PROCESSING SPREADSHEET.  
A count of live worms from every scanned petri plate is extracted from the output of the FIJI plugin and is 
associated with its scan number and plate position. Researchers then manually enter experimental 
parameters to automatically fill the 3x4 grids with presumed plate labels by an auto-completion function. If 
the design of an experiment does not fit this default model, the labels can be inserted manually. The end 
result is a single table of raw data from the entire collection of images that can easily be tracked back to the 
archived images. 
 
Accuracy and consistency of Automated WormScan relative to 
counting by humans  
The reliance of Automated WormScan on comparing the worm count prior to an 
experiment to the worm count after an experiment, simplifies the computational burden 
relative to employing machine learning to identify and assess mortality of worms from a 
single pair of post-experiment scans. While our procedure makes worm identification 
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extremely robust, errors associated with both the pre- and post-experiment counts 
contribute to the final error of the analysis. This differs from human counting, as well as 
from the machine learning procedure originally described in WormScan and utilised by the 
Lifespan Machine, both of which count live and dead worms from a single set of scans.  
To establish the error rate of the automated system, an assay was performed to count the 
number of live worms on agar plates using both traditional human counting and Automated 
Wormscan. In total, 12 plates of worms were counted in triplicate using a microscope, 
each time by a different trained human. The same plates were then scanned sequentially 
three separate times, each time in a different scanner, with counts performed using 
Automated WormScan (Figure 3). We performed a Generalised Linear Mixed-Effects 
Model [72] in R(version 3.3.2) [73]. Overall, we found that counts produced by human 
observers vs counts produced by Automated Wormscan did not differ significantly (P>0.2), 
indicating that Automated Wormscan closely replicates human counting (Figure 3). 
 
FIGURE 3: COMPARISON OF WORM COUNTS PRODUCED BY THREE DIFFERENT HUMAN OBSERVERS 
VS THREE INDEPENDENT SCANS. 
Variability in numbers of individual worms counted by Automated Wormscan on the same plate is 
not significantly different from the variation in counts between three independent human observers 
using traditional methods. Error bars indicate standard deviation over three independent counts. 
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Automated Wormscan is able to replicate previously published 
toxicological data 
We replicated phosphine exposure protocols used by our laboratory to demonstrate that 
Automated Wormscan generates results consistent with published results derived from 
manual counting. Depending on the dose of exposure, toxins can impair mobility or alter 
the shape of the worms, but this does not materially affect the outcome of the analysis. We 
exposed wild type N2, and a phosphine resistant strain, dld-1(wr4), to a range of 
phosphine concentrations and obtained survival curves indicating LC50 values of 400ppm 
for N2 and 1800ppm for dld-1. These results, demonstrating a phosphine survival rate for 
dld-1(wr4) 4.5 times greater than wild type, are consistent with a previously published 
study that used manual phenotype scoring, which found the survival rate of dld-1(wr4) to 
be 4.4 times greater than wild type.(Figure 4) [69]. 
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FIGURE 4: PHOSPHINE MORTALITY CURVES OF WILD TYPE AND RESISTANT STRAINS OF 
CAENORHABDITIS ELEGANS. 
Automated Wormscan accurately duplicates previously published phosphine toxicology results. 
Wild type worms (N2) display an LC50 of ~400ppm, while the phosphine resistant mutant dld-1(wr4) 
display an LC50 of ~1800ppm, congruous with recently published results [22]. Error bars indicate 
standard deviation over three experimental replicates. Asterisks indicate data points where 
DLD1(wr4) is significantly more resistant to phosphine exposure (p<0.001, 2-way ANOVA, Sidak’s 
multiple comparisons) 
 
 
 
 
* 
* 
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Automated Wormscan can be used to measure growth rate and 
fecundity 
While counting living, mobile and stimulus responsive worms is the primary objective of the 
system, the perimeter of each identified worm-like object is also determined during 
analysis. We therefore performed an assay to determine how well this data could 
reproduce published size difference of two different worm strains, N2 and daf-2, as daf-is 
well known to have a slow growth rate and delayed maturation relative to the wild type N2 
strain [74,75]. Plates were scanned 48 hours and 90 hours after seeding with 
synchronised L1 worms. After 48 hours, no progeny were present on any of the plates, 
and the average perimeter data was recorded for each worm and length was calculated as 
1/2 x perimeter. Using Automated WormScan, daf-2 worms were determined to be 
significantly shorter than wild type worms after 48 hours growth at 20°C, by an average of 
~0.25mm (Figure 5). This reflects the well-established size difference of the daf-2 strain.  
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FIGURE 5: GROWTH RATE OF DAF-2 WORMS COMPARED WITH WILD TYPE.  
Length was calculated as ½ of the perimeter measurement determined by Automated WormScan. 
Error bars represent standard deviation over three experimental replicates. The difference 
observed between the strains was significant (p<0.001, unpaired two-tailed t-test with Welchs’s 
correction). 
 
 
After 90 hours at 20°C, both strains had produced progeny that were easily recognised by 
their size, with adults being well over 1.5mm in perimeter and juveniles being under 
0.5mm. The rate of reproduction of each strain is presented as juveniles present per adult 
worm (Figure 6). The developmental stage of each individual was confirmed visually on 
the source image. After 90 hours, wild type worms produce approximately 4 times as many 
32 
 
progeny as daf-2 worms, which is consistent with the well-established decrease in 
reproduction of the daf-2 strain.  
 
 
FIGURE 6: REDUCED FECUNDITY AT 90 HOURS OF DAF-2 WORMS COMPARED TO WILD TYPE. 
Fecundity is expressed as juvenile-sized objects (<0.5mm perimeter) per adult-sized object 
(>1.5mm perimeter) as counted by WormScan. Error bars represent standard deviation over three 
experimental replicates (>600 juvenile individuals scored). The difference observed between the 
strains was significant (p<0.001, unpaired two-tailed t-test). 
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Accuracy of automated wormscan using compressed image 
formats 
We find that it is essential to scan at high resolution to obtain accurately identified worms, 
but this produces TIFF format image files of individual petri plates of ~60 MB. For the small 
experiment shown in Figure 4, the 14 data points were generated from 3 experimental 
replicates, each of which contained 2 technical replicates. As each plate is scanned a total 
of 4 times, a total of 336 images were generated. Given a TIFF image size of 60 MB, the 
total storage requirements if using high resolution images would be 20 GB. High resolution 
images also increase the computational processing demands. 
Therefore, we carried out an experiment to see if the performance of our system was 
compromised by use of compressed image formats. A series of plates of N2 worms in the 
early L4 stage of development were analysed by Automated WormScan in two different 
ways. In both cases, the worms were initially scanned as 16 bit greyscale images. In the 
first case, the images were saved in the lossless TIFF format (~60 MB) by the scanning 
software. In the second case, the images were saved as compressed high quality jpg 
images (~1.5 MB) by the scanning software. These images were then processed by 
Automated WormScan to compare the number of worms counted per plate in each image 
format. We found that analysing compressed jpg images had no effect on the number of 
worms that could be identified by the program (Supplementary Table 1). 
Discussion 
Automated Wormscan is an extremely low cost system (scanner USD$500, 3TB internal 
hard drive $125, hard drive dock $25, scanner plate holder $50, standard PC with 
Windows operating system) capable of replacing manual counting of worm populations 
and scoring of survival. We have demonstrated that the system is capable of replicating 
previously published toxicological results, while also yielding greatly improved speed and 
throughput. The system is remarkably easy to set up, requiring less than 60 minutes. Once 
set up, very little operator time is required to carry out the image acquisition and analysis. 
An archival record is automatically stored as a compressed image file on which identified 
worms are highlighted. Accuracy of record keeping is enhanced by the ability to collect all 
image files for an experiment in a single folder and process them all at once, with the 
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output being a single Excel spreadsheet of data with filenames and plate numbers 
transferred directly from the image files. 
C. elegans toxicological assays are often limited to only a handful of strains, treatments, 
time points and/or chemical concentrations, due to the inability of researchers to quickly 
score very large numbers of individual worms. The use of an automated mortality scoring 
system removes this significant bottleneck in the throughput of most toxicological assay 
designs. This greatly improves the speed at which such experiments can be performed 
and enables complicated experiments to be contemplated, such as the simultaneous 
determination of the combinatorial effects of many substances at a variety of 
concentrations. Furthermore, the increased throughput enables the use of larger numbers 
of technical replicates and extra experimental replicates, which provides greatly improved 
statistical power that previously would have been impractical due to the labour required. 
Automated WormScan is one of several systems recently developed that utilise image 
capture and computer-based phenotype assessment to improve the throughput or 
accuracy of such C. elegans assays [32,63]. Automated WormScan uses very inexpensive 
and simple hardware, requiring only a basic desktop PC and at least one Epson v700 (or 
v800) scanner and a plate holder to align petri plates on the scanner (LabPro Scientific; 
part LPST12-1). Automated WormScan requires no modifications or alterations to the 
scanners and the software is also especially easy to install and simple to use. Setup can 
be accomplished in under an hour by anyone with basic computer skills. In addition, scans 
are taken while the worms are on an NGM agar plate, which is the typical format for most 
C. elegans assays. This means the scanning can be incorporated into existing 
experimental methods without requiring alterations to the experimental procedure. 
Since the system focuses on the ability of the animals to move under stimulus, the assay 
is very robust, with a demonstrated ability to consistently count live worms with the same 
accuracy as a human. The robustness of the system is achieved largely by avoiding the 
machine learning steps integrated into the primary component of WormScan, in favour of 
the simpler difference image analysis method that was originally developed for monitoring 
survival in lifespan experiments [32]. This design decision increases the amount of 
handling required compared to the machine learning strategies of the original WormScan 
and Lifespan Machine systems [32,63] (i.e. two pairs of scans must be taken instead of 
one). In practice, this requirement is not onerous. Automated Wormscan is not capable of 
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resolving multiple worms in close contact. In practice, this is not usually a problem, as 
clearly demonstrated in Figure 1. The solution is simply to use ≤100 worms per plate, in 
which case the simplicity of the Automated WormScan software does not significantly 
impinge on the ability of the system to replicate human counting. Automated WormScan 
will not work with mutants or experimental conditions that induce aggregation of worms, 
but the same is true of the other counting systems and probably human counting as well. 
Automated WormScan is time and labour efficient, requiring ~10 minutes of operator time 
per 60 plates (5 scanners) and 20 minutes of scanning time (during which an operator 
need not be present). Once all scans have been completed and saved to a single folder, 
another 5 minutes of operator time is required to start the analysis software. The software 
requires about 30 seconds to analyse each pair of images (but this requires no operator 
involvement). Thus 6,000 individual C. elegans (at a density of 100 per plate) can be 
analysed with 15 minutes of operator time and about 60 minutes of elapsed time. The total 
capacity of the system is limited only by the number of scanners that are used in parallel to 
generate the source images, so the system can be scaled to suit the requirements of the 
user. 
User bias in methods that involve manual counting is a known source of data variation 
[76], especially between institutions [77]. The use of this automated method eliminates this 
possibility while simultaneously improving consistency. Furthermore, the use of the light 
stimulus obviates the need to open the plates and physically touch the animals, which 
minimises the potential for contamination and removes the possibility of physically 
damaging the animals.  
While the lifespan machine utilises modified scanners to reduce temperature fluctuations, 
the focus of Automated WormScan for mortality based toxicology assays means that 
worms do not spend much time in the environment of the scanner and are able to be 
housed in temperature controlled conditions for the great majority of time, obviating the 
need to modify the scanners to compensate for temperature. Also, while Lifespan Machine 
requires modifications to the scanner to adjust the instruments focal plane, the robustness 
of difference imaging produces accurate counts of worm populations using entirely 
unmodified scanners. 
Since compressed image formats do not hamper the ability of Automated WormScan to 
accurately quantify C. elegans populations, we utilise compressed .jpg files, rather than 
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the much larger TIFF images utilised by other systems [32,63]. This obviates the need for 
greater than terabyte data storage for most applications, and brings the system 
specifications required to run previously computer resource intensive image processing 
phases into the range of a standard modern desktop PC. 
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Chapter 2: DAF-16 contributes to the phosphine resistance 
and lifespan phenotypes of a C. elegans dihydrolipoamide 
dehydrogenase mutant. 
 
Abstract 
Due to the discovery of concomitant phosphine resistance and longevity phenotypes in the 
nematode model of grain pest phosphine resistance dld-1(wr4), we hypothesise a role for 
the evolutionarily conserved lifespan and stress resistance regulator, DAF-16. Here, we 
conducted large-scale toxicological assays that demonstrate that a daf-2 mutant strain in 
which DAF-16 is constitutively activated, displays similar levels of phosphine resistance as 
dld-1(wr4), and that the resistance in the daf-2 strain is DAF-16 dependent. Further assays 
with additional long lived mutant strains not linked with DAF-16 were not resistant to 
phosphine. We conducted assays to determine whether this association was true of other 
phosphine related phenotypes, resistance in the dld-1(wr4) strain being associated with 
protected germline and lack of response to heat preconditioning. Both daf-2 and dld-1(wr4) 
strains have protected germlines, which in the case of daf-2 we have investigated and 
found to be entirely dependent on DAF-16. We unexpectedly discovered that daf-2 
mutants can be made further resistant to phosphine by preconditioning while dld-1(wr4) 
cannot. In the final part of this study, we directly assessed the activation of DAF-16 in 
connection with the response to phosphine. We discovered that DAF-16 is consistently 
and immediately transported to the nucleus in response to phosphine exposure and that, 
like daf-2 nematodes, the DAF-16::GFP reporter is constitutively located in the nucleus of 
dld-1(wr4) nematodes. Microarray data reveals a significant overlap between the target 
genes of DAF-16, and the upregulation profiles of dld-1(wr4) and of nematodes exposed to 
phosphine.  Taken together, the results from this study provide compelling evidence that 
the resistance to phosphine resulting from the dld-1(wr4) mutation is mediated through 
DAF-16, a discovery with important implications in understanding the genetics of 
phosphine resistance 
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Introduction 
Fumigation with phosphine to control pest insect infestation is the primary means of pest 
control in large grain stores. It is the only fumigant that is acceptable to all markets and is 
approved for general use. It has multiple advantages including ease of use, cost 
effectiveness, efficacy against all insect life stages. It also does not leave residues on 
grain and is environmentally benign [1]. In recent decades, however, the emergence of 
phosphine resistance in multiple species of insect pests threatens the future utility of 
phosphine, making investigation into the mode of action of phosphine and into the genetic 
basis of phosphine resistance a priority. 
Despite the long history of its use, the mechanism of phosphine toxicity is only beginning 
to be understood. The role of mitochondrial dysfunction in phosphine toxicity has been 
studied. Exposure to phosphine partially Inhibits complex IV of the electron transport 
chain, alters mitochondrial morphology, and decreases mitochondrial membrane potential 
[13–18]. It is known that phosphine exposure causes increased oxidative damage in all 
aerobically respiring animals that have been examined [13,19,20], but that phosphine is 
not toxic under near-anoxic conditions [13,21]. 
In insects, exposure to phosphine is thought to affect the organism through induction of 
oxidative stress. It has been suggested that treating insects with phosphine generates 
toxic radical oxygen species due to the interaction of phosphine with mitochondrial 
respiration [19]. Additionally, phosphine appears to reduce the ability of insects to 
coordinate an antioxidant defence response, inhibiting the activity of catalase and 
peroxidase in susceptible insect strains [78]. It was recently discovered that the 
dihydrolipoamide dehydrogenase (dld-1) gene sequence is modified in insects that are 
highly resistant to phosphine [22]. 
In 2012, the Ebert laboratory identified a mutation, dld-1(wr4), in the dld-1 gene that 
conferred strong phosphine resistance on the well-studied genetic model organism 
Caenorhabditis elegans. The dld-1(wr4) mutation in C. elegans displays a phenotype in C. 
elegans of both phosphine resistance and a post-reproductive lifespan extended by as 
much as 30% [22,24]. Both phenotypes also can be achieved by simply suppressing dld 
gene expression [22,33]. It is noteworthy that exposure to phosphine causes 
developmental delay as well as mortality in C. elegans, and that this effect is associated 
with the antioxidant defence capability of the animals [31]. 
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DLD participates in central metabolism through four distinct protein complexes. The role of 
DLD in each of the complexes is to catalyse the reduction of NAD+ to NADH. These 
complexes include pyruvate dehydrogenase complex (PDC), which links glycolysis to the 
TCA cycle and ketoglutarate dehydrogenase complex (KGDC), which is a component of 
the TCA cycle as well as the branched ketoacid dehydrogenase complex (BKDC) and the 
glycine cleavage system (GCS).  
Because of the unexpected concomitant lifespan extension phenotype accompanying the 
phosphine resistance of the dld-1(wr4) mutation, we have hypothesised a role for the 
lifespan/stress resistance regulating transcription factor DAF-16. Stress resistance in C. 
elegans is positively correlated with lifespan in several cases (reviewed extensively in 
Zhou, Pincus, & Slack, 2011) [23]⁠, including resistance to phosphine specifically [24]. Daf-
16 is constitutively expressed in the cytoplasm in C. elegans, but when activated by an 
upstream signal communicating stress [75] or energy deprivation [79], it translocates to the 
nucleus, where it coordinates a transcriptional program [80] that results in a 2 fold lifespan 
extension[81], as well as a variety of stress resistance phenotypes including resistance to 
oxidative stress [75,82] heat stress [83] and pathogens [84,85]. 
Because daf-16 is often a common factor mediating both stress resistance and lifespan 
effects, we anticipated its role in the resistance to phosphine toxicity in C. elegans. We find 
that activation of the DAF-16 transcription factor does indeed confer strong phosphine 
resistance in C. elegans, and that the phosphine response of worms with activated DAF-
16 is similar to dld-1(wr4) worms. We also demonstrate that DAF-16 localises to the 
nucleus under phosphine stress and is constitutively localised in dld-1(wr4) nematodes, 
strongly implying an important role for DAF-16 in the resistance to phosphine in C. 
elegans. 
Materials and Methods 
Nematode strains and maintenance. 
Wild-type N2 (var. Bristol), ampk knockout strain aak2(ok524) (RB754), sir-2.1 
overexpression strain gels3 (LG394), jnk-1 overexpression strain lpIs1 (HT941), eat-
2(ad1116) (DA1116), age-1(hx546) (TJ1052), daf-16::GFP (TJ356), daf16(mu86) 
(CF1038), daf2(e1370) (CB1370) were obtained from the Caenorhabditis Genetics Center. 
A strain carrying daf16(mu86) and daf2(e1370) was created by obtaining CF1295, a strain 
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containing these variations plus muEx108, an extra-chromosomal array carrying daf-
16::GFP and rol-6 ‘roller’ markers from the Caenorhabditis Genetics Center, and picking 
individuals that were not fluorescent and did not roll. The phosphine resistant strain dld-
1(wr4) was created by EMS and outcrossed to wild-type in the Ebert laboratory [24,86]. A 
daf-16::GFP/dld-1(wr4) strain was created by mating dld-1(wr4) males with virgin daf-
16::GFP hermaphrodites and selecting F2 progeny for individuals that both survive 
exposure to 1600ppm phosphine and exhibited GFP fluorescence. Worm maintenance 
was carried out according to the standard procedures in Wormbook [71]. Briefly, worms 
were grown on solid nematode growth medium seeded with E. coli OP50, and maintained 
at 20 degrees. Populations of nematodes were synchronised by dissolving gravid adult 
worms in 1.5% hypochlorite bleach and 0.75M NaOH to release their eggs. Eggs were 
immediately rinsed in M9 buffer and maintained overnight at room temperature in M9 
buffer with gentle shaking to allow the eggs to hatch. The resulting L1 larvae were then 
transferred to NGM agar plates seeded with OP50 to initiate growth. 
Data collection by Automated Wormscan 
The scanner-based data acquisition system for C. elegans, Automated Wormscan [87], 
was used in all phosphine exposure assays and fecundity assays. This system uses an 
Epson V800 transmission scanner to take high-resolution scans of nematode culture 
plates, coupled with accompanying image analysis software, to automatically count the 
number of live animals on the plates.  
Phosphine generation and treatment. 
Phosphine was generated as described in Valmas 2006 [66] by dissolving commercially 
available ammonium phosphate tablets ('Quickphos') in 5% sulphuric acid in a glass 
Valmas Chamber. The resultant phosphine was then quantified using a phosphine gas 
monitor (Canary ‘SmarTox-O’ PLZZ) and injected through a septum into a sealed glass 
desiccator, to achieve the desired concentration.  
Phosphine exposure assay 
Worms were grown on NGM agar plates seeded with OP50 at 20°C for 48 hours, by which 
time they had reached the early L4 stage of development. Prior to exposure to phosphine, 
the number of live worms on each plate was determined by the Automated Wormscan 
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procedure [87]. These plates were then sealed inside the desiccators prior to phosphine 
injection and were exposed to phosphine for 24 hours. Worms were then removed from 
the chambers and permitted to recover at 20°C for 48 hours, at which time the number of 
surviving worms on each plate was determined via Automated Wormscan. 
Heat preconditioning assay 
Synchronised populations of L4 nematodes grown under standard conditions at 20°C were 
cultured at 30°C for four hours. These were then returned to 20°C conditions for four more 
hours before exposure to phosphine as described above. 
Fecundity assay 
Individuals from synchronised L4 populations were picked to individual 6cm petri dishes 
and exposed to a sub lethal dose of phosphine (100ppm), or air control at 20°C for 24 
hours. This dose of phosphine was selected based on preliminary studies, as being the 
lowest dose that consistently produced an observable effect on the animals without a 
significant induction of mortality. Each subsequent day for 5 days, the worms were 
transferred to a new plate, leaving eggs. 48 hours after each transfer, the eggs had 
hatched and grown to approximately the L4 stage of development and their numbers were 
determined by the Automated Wormscan procedure [87]. As phosphine exposure is known 
to delay development [31], we were careful to ensure that all offspring on the plate had 
developed to the point that they could be detected with wormscan. Plates were checked 
visually for undersized worms before scanning, and scanned images were checked after 
processing to ensure that all worms present on the plates were detected by the software. 
Finally, the progeny count of all 5 days was combined to obtain the total number of 
progeny produced by each assayed individual. 
 
 
Fluorescence microscopy of phosphine exposed nematodes 
Daf-16::GFP nematodes were exposed to phosphine at 400ppm for 24 hours or heat 
shocked at a 30C for 4 hours before being observed with a fluorescence microscope. Daf-
16::GFP/dld-1(wr4) nematodes were observed without intervention.  
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Results: 
daf-2 mutants display a strong phosphine resistance phenotype 
comparable with dld-1(wr4), and largely dependent on DAF-16 
 
FIGURE 7: DAF-2 MUTANTS HAVE SIMILAR PHOSPHINE RESPONSE TO DLD-1(WR4) MUTANTS. 
Mortality induced by 24hour phosphine exposure in C. elegans strains containing mutations in the 
IIS pathway. Phosphine concentrations are 0ppm, 200ppm, 400ppm, 600ppm, 800ppm, 1200ppm, 
1600ppm, and 3200ppm. Data points are mean percentage of survivors over 3 experimental 
replicates. Error bars indicate standard deviation. Significance was tested by pairwise Likelihood 
Ratio Chi-square tests, with Holm correction for multiple testing. Asterisks indicate a significance of 
p<0.05. 
 
Given the concomitance of lifespan extension and toxin resistance in the phosphine 
resistant nematode strain dld-1(wr4), we reasoned that DAF-16, a transcription factor that 
mediates expression of genes involved in both lifespan and stress resistance, would 
likewise  mediate the lifespan and stress resistance phenotypes associated with the dld-
1(wr4) mutation.  We conducted phosphine mortality assays on strains with differentially 
activated DAF-16, using the responses of wild-type and dld-1(wr4) mutant strains for 
reference. Mutation of daf-2, which causes constitutive activation of daf-16, induces a high 
level of phosphine resistance, which is comparable to that of dld-1(wr4). This resistance is 
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almost entirely daf-16 dependant, though daf-2/daf-16 double mutants display greatly 
reduced level of resistance in comparison to daf-2, but which is significant nonetheless. 
Mutation of daf-16 alone results in susceptibility to phosphine that is similar to wild-type 
(Figure 7).   
 
Some canonical longevity mutants display mild phosphine 
resistance, but not at a level comparable with dld-1(wr4). 
 
FIGURE 8: LONGEVITY CORRELATES ONLY WEAKLY WITH RESISTANCE TO PHOSPHINE.  
Mortality induced by 24hour phosphine exposure in C. elegans strains with canonical longevity 
phenotypes. Phosphine concentrations are 0ppm, 200ppm, 400ppm, 600ppm, 800ppm, 1200ppm, 
1600ppm, and 3200ppm. Data points are mean percentage of survivors over 3 experimental 
replicates. Error bars indicate standard deviation. Significance was tested by pairwise Likelihood 
Ratio Chi-square tests, with Holm correction for multiple testing. Asterisks indicate a significance of 
p<0.05. 
 
To test the possibility that strains with a phenotype of extended lifespan exhibit a similar 
increase in phosphine resistance, we assayed a series of strains, all of which exhibit 
increased lifespan for their ability to resist phosphine (Figure 2). Jnk-1 overexpression 
resulted in significant phosphine resistance, but not at a level comparable with dld-1(wr4). 
Eat-1 mutation and sir-2.1 overexpression are mildly resistant at low (200ppm) PH3 
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exposure levels, but not significantly resistant at other doses. Age-1 mutants did not 
display significant resistance at any phosphine concentration. Thus, despite significantly 
extended lifespan of each strain, the phosphine resistance of these strains was modest at 
best (Figure 8).  
 
daf-2 can be preconditioned to further resist phosphine, but dld-
1(wr4) can not 
In Figure 1, we saw that the resistance to phosphine associated with daf-2 mutation is 
similar to that of the dld-1(wr4) mutation. We hypothesise that these two strains are 
operating through common mechanisms to achieve this similar phenotype. Therefore we 
applied two phosphine assays with known effects in dld-1(wr4) to strains with differentially 
activated DAF-16 to assess the extent of this phenotypic similarity. Those assays were a 
heat shock assay, known to increase the phosphine resistance of wild type but not dld-
1(wr4) worms [30], and assayed the fecundity of worms exposed to sub lethal doses of 
phosphine, which is known to severely impact the fecundity of wild type worms but only 
marginally impact the fecundity of dld-1(wr4) worms [88] 
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FIGURE 9: RELATIONSHIP OF RESISTANCE CONFERRED BY IIS MUTATIONS WITH HEAT SHOCK 
MEDIATED PRECONDITIONING. 
Change in phosphine-induced mortality induced by four hour exposure to 30°C temperature in C. 
elegans strains containing mutations in the IIS pathway. Phosphine concentrations are 0ppm, 
200ppm, 400ppm, 600ppm, 800ppm, 1200ppm, 1600ppm, and 3200ppm. Data points are means 
of the response to heat shock over three experimental replicates, presented as the percentage to 
which phosphine mortality changed as a result of heat exposure. A point at 20 on the y-axis thus 
represents a 20% increase in survival due to heat exposure alone, in a given strain at a given 
phosphine concentration. Asterisks indicate data points at which a strain exposed to heat 
preconditioning is significantly more resistant to phosphine than the same strain without heat 
exposure, at a significance level of p<0.01. Significance was tested by pairwise Likelihood Ratio 
Chi-square tests, with Holm correction for multiple testing. 
 
Our results with heat preconditioning confirm previous results that exposure to 4 hours of 
30°C heat stress preconditions wild type worms to resist phosphine induced mortality, but 
does not significantly increase the phosphine resistance of dld-1(wr4).  We anticipated that 
daf-2 would have a similar phenotype to dld-1(wr4), but unexpectedly, daf-2 mutants can 
be significantly preconditioned. This preconditioning effect is not significant in daf-16 
mutants, and daf-2/daf-16 double mutants (Figure 9).   
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Germline is protected from phosphine in daf-2 and dld-1(wr4), 
while daf16 deletion mutant fecundity is extremely impacted. 
 
FIGURE 10: DAF-2 AND DLD-1(WR4) MUTATIONS RESCUE C.ELEGANS FROM PHOSPHINE INDUCED 
REDUCTION IN FECUNDITY 
Bars indicate mean number of offspring produced over the lifespan of an individual, over at least 
three experimental replicates. Error bars indicate standard deviation. Significance was tested by 
two-way Anova. Asterisks indicate significant deviation from the wild type N2 strain in the same 
treatment category as indicated by Tukeys test (p>0.05). 
 
Another known effect of phosphine exposure is reduced fecundity in wild type worms, 
which is mitigated by dld-1 mutation[88] We assayed the fecundity of strains with 
differentially activated DAF-16 when exposed to a sublethal phosphine dose (100ppm for 
24hours). Dld-1(wr4) and daf-2 mutants suffer less reduction in fecundity than wild type 
worms. Phosphine exposure causes extreme fecundity reduction when daf-16 is deleted, 
even when daf-2 is also mutated (Figure 10).  
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DAF-16 localises to the nucleus in response to phosphine 
exposure, and is constitutively localised in dld-1(wr4). 
Since DAF-16 is known to localise to the nucleus in response to a range of stresses 
[40,89–91], most particularly heat stress [42], we obtained a DAF-16::GFP reporter strain 
(TJ356) and assayed the nuclear localisation of DAF-16 under phosphine exposure. We 
discovered that exposure to 200ppm phosphine at 20°C for 24 hours strongly encourages 
the nuclear localisation of DAF-16. The degree of localisation was comparable to that of a 
strong heat shock of 4 hours at 30°C (Figure 11). 
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FIGURE 11: NUCLEAR LOCALISATION OF DAF-16 OBSERVED USING A DAF16::GFP REPORTER 
STRAIN (TJ356). 
A) Negative control: Under normal laboratory conditions (20°C DAF-16 is uniformly distributed. B) 
Positive control: 4 hours of heat shock at 30°C induces DAF-16 nuclear localisation. C) Phosphine 
exposure of 400ppm for 24 hours induces DAF-16 nuclear localisation. D) A strain produced by 
crossing the DAF-16::GFP reporter strain with the phosphine resistant dld-1(wr4) strain 
demonstrates constitutive DAF-16 nuclear localisation under normal laboratory conditions. 
Representative images are shown. White squares are zones where nuclear localisation is visible, 
increased to 3x scale. 
 
Given that the constitutive nuclear localisation of DAF-16 is primarily responsible for the 
lifespan and stress resistance phenotypes of daf-2 [42,75,84,89], we reasoned that a 
similar effect may be modulating these phenotypes in dld-1(wr4). To examine this 
hypothesis we created a cross between dld-1(wr4) and TJ356, creating a strain that 
carried both the dld-1(wr4) mutation and the DAF-16::GFP reporter construct. Observation 
of this strain with fluorescence microscopy under normal laboratory growth conditions of 
20°C in normal air, revealed that this strain does indeed display constitutive nuclear 
localisation of daf-16. 
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Both wild-type worms exposed to phosphine and untreated dld-
1(wr4) mutants display a pattern of upregulated genes that 
significantly overlaps with DAF-16 target genes. 
DAF-16 target 
gene 
dld-1(wr4) 
compared 
to WT 
400ppm 
PH3 
exposure 
compared 
to untreated 
WT 
acs-17 0.77  0.64  
B0286.3 0.02  -0.43  
btb-16 2.73  -0.25  
C08E8.4 3.02  2.25  
C25E10.8 0.15  0.06  
carboxylesterase 4.25  1.30  
cdr-2 0.67  1.95  
cyp-34A9 0.53  0.75  
cyp-35B1 -1.01  0.67  
dao-3 1.71  -0.25  
dod-3 2.23  1.79  
dod-6 0.75  -0.28  
F47B8.2 1.02  2.22  
fat-5 0.43  -0.88  
ftn-1 1.90  3.19  
F38B6.4 0.48  -0.67  
gpd-3 0.39  0.29  
hacd-1 0.99  1.14  
hil-1 0.71  0.29  
icl-1 -0.22  -0.13  
lys-7 3.20  -0.30  
mtl-1 2.98  4.61  
pcbd-1 -0.09  -0.64  
sip-1 -0.10  -0.14  
sod-3 0.26  0.00  
sodh-1 0.88  0.05  
tdh-1 0.43  -0.12  
T24B8.5 -1.69  -1.03  
ttr-26 0.55  3.61  
ttr-44 1.10  0.02  
ttr-5 1.23  0.21  
ugt-41 0.13  1.74  
W01A11.1 0.12  -0.23  
Y6G8.2 2.14  0.12  
   
100%  100% 
Upregulation Downregulation 
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FIGURE 12: HEAT MAP OF TOP DAF-16 TARGET GENES SHOWS AN OVERREPRESENTATION 
AMONG UPREGULATED GENES IN DLD-1(WR4) AND IN PHOSPHINE EXPOSED WORMS. 
Heat map shows upregulation and downregulation of genes in our microarray data. Genes 
selected for comparison are those that were most upregulated in the meta-analysis of DAF-16 
target genes performed by Tepper et. al., 2013 that also appear in our microarray data. Of the 
genes most upregulated by DAF-16, a significantly disproportionate number are also over 100% 
upregulated in both dld-1(wr4) worms and in worms exposed to 400ppm phosphine. Significance 
was tested by hypergeometric tests. 
 
Having observed that both phosphine exposure and the dld-1(wr4) mutation itself cause 
the nuclear localisation of DAF-16, we sought to confirm that a DAF-16 like expression 
profile was present in these cases. We analysed microarray expression data performed by 
others in the Ebert laboratory to see if there was significant overlap with the 34 genes most 
upregulated by DAF-16. These genes were selected from the genes identified in a recent 
meta-analysis as being most consistently upregulated DAF-16 target genes, that were also 
present in our microarray data. Of the 20,355 genes in the microarray, 1648 were 
upregulated more that 100% in wild-type worms exposed to phosphine, and 2395 were 
upregulated more than 100% in dld-1(wr4) mutants, respectively constituting 8% and 13% 
of the total. Among the 34 top DAF-16 target genes, we observed a significantly 
disproportionate number of genes upregulated over 100%, 10 in phosphine exposed 
worms and 12 in dld-1(wr4) mutants (Figure 12). 
 
Discussion 
When it was discovered that the genetic mutation conferring phosphine resistance in C. 
elegans (dld-1(wr4)) displayed a lifespan extension phenotype [86], it was not unexpected. 
Mutations that affect lifespan in C. elegans are frequently accompanied by stress 
resistance phenotypes. For example, Mutations in the insulin signaling pathway that can 
extend lifespan in C. elegans up to double the normal limit [92,93], additionally generate in 
the animal increased tolerance of many stresses [75,82–84,94–98]. It is also known that 
the mild application of many of these stresses hormetically preadapts the animal to resist 
the same stress in future [99–103]. In many of these cases, the transcription factor DAF-16 
is either directly involved or indispensable [23,75,82–84,94–98,104]. Furthermore, a large 
part of phosphine toxicity is thought to be related to its ability to induce oxidative stress 
[29,105–107], and DAF-16 is activated directly by oxidative stress [40,108–110], 
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marshalling antioxidant enzymes and damage repair mechanisms in response [43]. For 
this reason, we hypothesized that DAF-16 may be the common factor responsible for the 
phosphine resistance and longevity phenotypes of dld-1(wr4). 
Activation of DAF-16 by daf-2 mutation causes strong phosphine resistance. This 
resistance is equal to that resulting from the dld-1(wr4) mutation. This suggests that DAF-
16 plays a very significant role in phosphine resistance. The daf-2(e1370) /daf-16(mu86) 
double mutant displays only very weak resistance to phosphine, a small amount greater 
than wild type, indicating that while DAF-16 activity is almost entirely responsible for the 
strong phosphine resistance of the daf-2 mutation, a portion of the phenotype is mediated 
by another factor. One possible explanation for this effect is that daf-2 mutation, in addition 
to activating DAF-16, also activates the heat shock transcription factor HSF-1 [111,112], 
which similarly coordinates gene expression responses that influence stress resistance as 
well as metabolism and ageing [112]. Interestingly, HSF-1 is required for heat induced 
resistance to phosphine in wild-type worms [30]. An interesting point is that while the 
resistance phenotype of a daf-2 mutant can be almost completely reversed by deletion of 
daf-16, a daf-16 deletion alone has no effect on the basal tolerance of C. elegans, with 
phosphine sensitivity of a daf-16 mutant equal to that of wild-type animals. 
With the discovery that the long-lived mutant daf-2(e1370) is resistant to phosphine, and 
that the phosphine resistant mutant dld-1(wr4) is long-lived, we hypothesised that there 
may be a direct link between the genetic regulation of lifespan and resistance to 
phosphine. Therefore, we assayed several strains with well-studied lifespan extension 
phenotypes for phosphine resistance to discover the breadth of this potential relationship. 
The strains we selected were the obligate food-intake restricted mutant eat-2(ad1116) 
[113], a strain overexpressing the sole C. elegans Jun N-terminal Kinase jnk-1[49–
51,62,114], the first known C. elegans longevity mutant age-1 which contains a mutation in 
the insulin signalling pathway downstream of daf-2[115–117], and a strain overexpressing 
the sirtuin sir-2.1[118,119]. 
We find that none of these long-lived strains display a phosphine resistance phenotype 
comparable to that of daf-2 or dld-1 mutants. However, age-1 mutants and jnk-1 
overexpression display modest resistance. 
Despite the lack of an unambiguous link between phosphine resistance and ageing, the 
results are consistent with a role for DAF-16 activity in both phenotypes. The age-1 mutant 
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strain is phosphine resistant, long lived, and the extended lifespan is dependent on DAF-
16 activity. They are not as long lived as daf-2 mutants [93], however, but this matches the 
phosphine resistance level, which is less than that of the daf-2 mutant.  
Jnk-1 is an important mitogen-activated protein kinase known to be central in the signalling 
cascades communicating cellular stress [120] Overexpression of jnk-1 increases lifespan 
in C. elegans by directly interacting with DAF-16, phosphorylating it and promoting its 
translocation into the nucleus in response to heat stress [62]. Furthermore, C. elegans 
containing jnk-1 deletion mutations have reduced stress tolerance associated with reduced 
daf-16 nuclear translocation and reduced expression of daf-16 target genes, particularly 
affecting the ability of the animals to coordinate a response to toxic ROS concentrations 
[114]. Consistent with these observations, in this study we find that overexpression of jnk-1 
increases phosphine resistance.  
The lack of phosphine resistance in the eat-2 mutant strain, on the other hand, may be 
anticipated by the fact that longevity of the eat-2 mutant is independent of DAF-16 
[40,113,121]. Finally, sir2.1 is known to interact with DAF-16 in C. elegans [60,118], and 
overexpression of sir-2.1 extends lifespan [54,122], but, when properly outcrossed, the 
strain displays only a modest 14.3% lifespan extension [54]. Thus, the lack of phosphine 
resistance in the sir-2.1 overexpression strain may simply reflect the limited ability of sir-
2.1 to influence DAF-16. 
It has been established that exposure to a period of heat stress increases the stress 
resistance and longevity of C. elegans [99,100]. It was recently discovered that heat 
preconditioning increases the resistance of C. elegans to phosphine specifically in a HSF-
1 dependant manner [30]. Since we find here that DAF-16 activity mediates a major 
portion of the phosphine resistance phenotype, we exposed strains with increased and 
decreased DAF-16 activity to a period of heat stress, and determined their level of 
resistance to phosphine. In concordance with recent results [30], we find that heat 
preconditioning increases phosphine resistance in wild type C. elegans, but not in the 
resistant dld-1(wr4) animals, suggesting that resistance granted by suppression of DLD 
function operates by the same protective mechanisms that are activated by heat stress.  
DAF-16 activity has long been known to be a major factor in thermotolerance in C. 
elegans, localising to the nucleus in response to heat stress and extending survival 
[83,89,123,124]. Our results show that in a daf-16 deletion mutant, heat preconditioning 
53 
 
can no longer grant increased resistance to phosphine, suggesting that the activation of 
DAF-16 function by heat stress is essential to the preconditioning response. However, our 
data also show that heat preconditioning further increases the phosphine resistance of daf-
2 animals, which indicates either that DAF-16 function is not fully activated by the daf-2 
mutation that we used, or that other factors contributing to the phenotype of phosphine 
resistance are induced by heat preconditioning, perhaps working in conjunction with DAF-
16. Strains in which daf-16 is deleted did not show any significant level of heat 
preconditioning  
HSF-1 coordinates transcriptional responses in response to heat stress as well as other 
stresses [125], as well as recently discovered stress-independent functions including the 
regulation of lifespan [112]. DAF-16 and HSF-1 are known to work together to regulate 
lifespan in C. elegans [126–128], and it has been suggested that they interact directly in 
the nucleus [89]. Recent research has shown that DAF-2 signalling promotes the formation 
of a protein complex that inhibits HSF-1 activity [129]. Thus, the constitutive reduction of 
activity of the DAF-2 receptor in daf-2 mutants may be hyperactivating the function of both 
DAF-16 and HSF-1 transcription factors, with each contributing a portion of the phosphine 
resistance phenotype we observe here. 
Pilot studies and as-yet unpublished work in the Ebert lab have suggested that a low level 
of phosphine exposure has a profound effect on the reproductive capability of wild type C. 
elegans and that the fecundity of the dld-1(wr4) mutant is only slightly affected by low level 
of phosphine exposure. This indicates that the mechanism of resistance to the lethal 
effects of phosphine on young adult animals also protects the germline when the animals 
are subjected to non-lethal exposure to phosphine. To reaffirm these results and to further 
investigate the contribution of DAF-16 activity to phosphine resistance, we assayed the 
fecundity of daf-16 mutant strains, and the DAF-16 hyperactive strain daf2, alongside wild 
type and dld1(wr4) worms. Our results confirm the germline protection conferred by the 
dld-1(wr4) mutation, and we also find that the daf-2 mutant germline is also protected 
against phosphine. Finally, daf-16 deletion mutants are rendered almost completely sterile 
by exposure to phosphine. Together, these results support a very important role for DAF-
16 activity in the germline of phosphine resistant mutants.  
It is well understood that the activity of DAF-16 is modulated primarily by its translocation 
to the nucleus [40,42,89]. This localisation has been observed under heat stress [42], 
starvation [90], as well as both exogenous [90] and endogenous [91] oxidative stress. 
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Because our results suggest a role for DAF-16 in phosphine resistance, we used a DAF-
16::GFP reporter strain to assay localisation under phosphine stress. We discovered that 
phosphine exposure robustly promotes DAF-16 nuclear localisation, suggesting that it 
plays a role in coordinating responses that resist the damaging effects of the fumigant. We 
also found that in the dld-1(wr4) mutant, DAF-16 is constitutively localised to the nucleus. 
This is the same state of DAF-16 localisation that is found in daf-2 mutants, suggesting 
that there may be a shared transcriptional profile between these two resistant and long-
lived strains, which is also activated when worms are challenged with phosphine. This 
finding is backed up by our gene expression microarray data, which found significant 
overlaps between genes upregulated by DAF-16 and genes upregulated in dld-1(wr4) 
mutants and in worms exposed to phosphine. 
Since the activation of DAF-16 grants phosphine resistance, and the application of 
phosphine activates DAF-16, this raised the question of why wild type C. elegans do not 
appear to be capable of marshalling a defence against phosphine exposure that is 
significantly greater than that of animals that lack the daf-16 gene entirely. This may be 
resolved by our discovery that a cross between daf16::gfp and phosphine resistant dld-
1(wr4) shows nuclear localisation of DAF-16 that is constitutive. Because daf-2 mutants 
are also known to have constitutive localisation of the DAF-16 protein, we hypothesise that 
constitutive nuclear localisation of DAF-16 is indicative of constitutive activation of 
protective functions coordinated by DAF-16 activity, and that this is the common factor 
between dld-1(wr4) and daf-2 that is responsible for the phosphine resistance and 
potentially the lifespan extension of both. It is plausible that the increased resistance to 
phosphine toxicity granted by heat preconditioning works is a similar manner: by preparing 
the animal to resist stress through the activation of the protective DAF-16 transcriptional 
profile. 
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General Discussion. 
Automated Wormscan 
C. elegans model organism research is being transformed by the recent invention of 
multiple sophisticated automated imaging and analysis technologies that streamline and 
improve the process of assaying nematodes. Automated Wormscan is a robust, novel 
method of assaying C. elegans that has distinct advantages over similar platforms, and is 
exceptionally scalable, high-throughput, adaptable, and easy to implement. 
A growing influence of technology on C. elegans research. 
Since their isolation and adaptation as a laboratory organism in 1974[130], the nematode 
C. elegans has become an immensely important model organism in a broad range of 
biological studies, as highlighted by becoming, in 1998, the first multicellular organism to 
have its genome sequenced [131]. Work utilizing this organism has contributed to our 
understanding of fundamental genetics[64,132–135] of the ageing process[136,137], of 
specific diseases such as Alzheimer’s [138] and Parkinson’s[139], of neurobiology[140], of 
toxicology[99,141], and of many other areas of human understanding too numerous for a 
complete list. 
Several features of C. elegans make it uniquely suited for use as a model organism. 
Because most individuals develop as hermaphrodites with the ability to self-fertilize, it is 
easy to create strains of genetically identical animals, while the occasional development of 
male individuals facilitates the creation of new crosses and backcrosses that give 
researchers enormous control. Furthermore, the organism’s small size, rapid reproduction, 
and modest dietary and environmental needs allows researchers to cultivate the animal as 
though it were a microorganism, while still generating biological insights that are relevant 
throughout the animal kingdom. For example, the discovery of the first genes able to 
positively modulate lifespan was made in C. elegans,[141] and the same genes have been 
found to have similar effects in rats[142], and apparently even humans[142]. 
Manual methods of assaying the animals tend to be time consuming and labor intensive, 
as well as being error prone and subject to bias. Because it is possible to draw powerful 
conclusions from such a tractable animal, there has been a recent explosion of interest in 
modernizing the methods by which data can be extracted from C. elegans individuals and 
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populations, through image capture and software-aided analysis. The system of 
Automated Wormscan I developed and described in chapter 1 of this thesis is one such 
method, and it joins a fast-growing ecosystem of similar technologies, each with their own 
advantages. Here we describe the place of Automated Wormscan amongst these other 
systems and discuss its unique advantages and future potential. 
The place of Automated Wormscan among similar technologies. 
Many of the systems of C. elegans data capture and analysis that have emerged over the 
past decade have focused on obtaining sophisticated data on behavior and morphology of 
individual worms, usually with each system focusing on one or a few attributes [143–147]. 
These systems have enabled unprecedented resolution of multiple aspects of C. elegans 
biology, but do not lend themselves to high-throughput research. This is due in part to the 
significant practical and computational challenges involved in assaying many living, mobile 
organisms simultaneously.  
There have been several systems designed to assay multiple worms simultaneously, 
achieving the counting and tracking of whole populations, but each naturally has 
limitations. The Multi-Worm Tracker [148], for example, uses video to quantify the behavior 
of C. elegans on a petri dish, but is still limited to assaying numbers of worms in the 
dozens. The C. elegans Lifespan Machine[63], on the other hand, uses multiple flatbed 
scanners to track survival curves of hundreds of plates at once, but is specifically focused 
on lifespan assays, and with the worms sealed inside the scanners for the duration of the 
experiment it does not lend itself easily to adaptation to other forms of assay.  
My system, Automated Wormscan, presents a number of advantages, as well as some 
comparative limitations. Unlike systems that rely on machine learning algorithms (e.g. the 
original Wormscan and the Lifespan Machine[32,63]), Automated Wormscan uses 
difference imaging. While this means that it cannot directly detect dead or paralysed 
worms, difference imaging is computationally simple way to correctly discount non-worm 
background and is therefore extremely robust. Additionally, because it outputs location, 
size and shape data, Automated Wormscan can be used to generate data on multiple 
aspects of C. elegans biology simultaneously, including developmental rate and 
morphology as well as the more usual live worm count data.  
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Many systems are disadvantaged by the need to store very large quantities of video or 
image data, whereas Automated Wormscan has been designed for use with compressed 
image formats, and thus has the advantage of having exceptionally efficient image data 
processing and storage capabilities. Furthermore, because the system analyses worms on 
the most common research medium in C. elegans laboratories, 6cm agar plates, it is 
uniquely able to accommodate a large variety of assays without the need to adapt those 
assays specifically to the analysis platform. These facts, combined with the deliberate use 
of low-cost easily sourced components and user-friendly open source software, makes 
Automated Wormscan unusually easy to adapt for use in C. elegans laboratories. Since its 
publication in 2017, Automated Wormscan has already been downloaded 229 times as of 
June 2018, and has been adopted for use in the Tony Hyman C. elegans lab at the Max 
Planck Institute of Molecular Cell Biology and Genetics (mark Leaver, personal 
communication). It has also been used at the University of Queensland to facilitate the 
high throughput requirements of using C. elegans in an undergraduate course (see 
appendix 2). 
The high throughput of Automated Wormscan facilitates new 
types of analysis. 
Like the Lifespan Machine, the use of flatbed scanners permits a great many C. elegans 
petri dishes to be assayed simultaneously. There is no theoretical limit to the number of 
scanners that can be operated in parallel, and the units themselves are quite inexpensive 
compared to systems that still rely on microscopy, so given sufficient space and a 
relatively modest budget, Automated Wormscan can be upscaled significantly. Also, 
because the worms are not stored in the scanners, the scanners themselves require no 
modifications and can be re-used several times in the same assay. Thus, even with a 
single personal computer and only five scanners working in parallel (the setup used for the 
publication of chapter 1 of this thesis), Automated Wormscan is capable of assaying as 
many as fifty thousand worms in a single experiment, which is significantly greater volume 
than any other worm assay system. 
It is this ability to robustly assay unprecedented numbers of animals that most 
distinguishes Automated Wormscan, particularly with respect to its potential impact on 
toxicological research. The high throughput allows a large number of interventions to be 
investigated in combination. Combinatorial investigation of factors is desirable because of 
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the complex multiplicity of influences that are present in biological systems and their 
responses, but since each additional factor introduced in combination doubles the total 
number of data points (and therefore the number of animals) required, the assay quickly 
reaches a limit. With Automated Wormscan able to assay a large number of worms 
distributed across many agar plates, it is possible to greatly expand the number of 
experimental interventions that can be simultaneously tested. For example, using 
Automated Wormscan, a single researcher could generate one thousand individual data 
points, with a population of 50 worms used for each. This would enable the simultaneous 
combinatorial investigation of factors such as strains, RNAi screens, drug or chemical 
administrations in a variety of combinations. It is my hope that in this way the capacity of 
Automated Wormscan will further improve the utility of C. elegans as a model organism for 
mutation and chemical compound screening as well as detailed determination of modes of 
action. 
The role of DAF-16 in phosphine toxicity. 
We propose that dld-1(wr4) worms are resistant because they generate a constitutive ROS 
signal that activates a protective response to ROS toxicity heavily involving DAF16. Our 
results fit with the concept of mitohormesis - that sub lethal ROS levels emanating from 
mitochondria with impaired function constitutes a retrograde intracellular signal that 
instigates ROS protective functions coordinated largely through DAF-16.  
Phosphine toxicity is thought to be largely a ROS stressor. 
The toxic effect of phosphine exposure is thought to be due in large part to its ability to 
drastically increase the number of reactive oxygen species in animal bodies [13]. Reactive 
oxygen species or ROS, also known as ‘free radicals’, are oxygen based molecules that 
can react with many biological molecules. They are a natural byproduct of aerobic 
respiration, but in high doses they can cause damage to the DNA, lipids, and proteins in 
living organisms, a process termed ‘oxidative stress’ [149,150]. Exposure to phosphine 
has been shown to induce such oxidative damage in nematodes [29], mammalian cell 
lines [105], and rats [106,107]. In the latter two cases it was seen that the application of 
antioxidants ameliorated the oxidative damage of phosphine. Importantly, phosphine has 
also been found to influence the development of C. elegans in a manner that depends on 
the alteration of antioxidant enzyme activity [31]. 
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Stress resistances, especially resistance to ROS, are strongly 
related to lifespan, with DAF-16 being a common link. 
Since the discovery in C. elegans of mutations capable of extending the lifespan of the 
animal [81,92,93,151], it has become evident that such mutations frequently additionally 
confer resistance to various stresses. Mutations in the insulin signaling pathway that can 
extend lifespan in C. elegans up to double the normal limit [92,93], additionally generate in 
the animal increased tolerance of many stresses, including temperature [83], pathogens 
[84], ultraviolet radiation [104], heavy metals [94], and importantly, oxidative stress 
[75,82,95–98]. Furthermore, the mild application of many of these stresses (with the 
notable exception of radiation [99]) both hormetically preadapts the animal to resist the 
same stress in future, and increases their lifespan [99–103]. Thus it emerges that lifespan 
extension by genetic intervention is broadly linked to the marshalling of stress resistance 
mechanisms, the activation of which is also responsible for hormesis. In many of these 
cases, the transcription factor DAF-16 is either directly involved or indispensable 
[23,75,82–84,94–98,104]. In the case of ROS in particular, several studies have shown 
that DAF-16 is activated by ROS stress [40,108–110], and among the genes that it targets 
are multiple antioxidant enzymes that enable cells to cope with ROS stress [43] 
Mitohormesis: ROS is not only a detrimental by product of 
respiration but also acts as a signal and may trigger stress 
resistance. 
For a long time, ROS were implicated in lifespan research as a negative influence on 
longevity. In fact, the theory that ROS generated by respiration were the primary source of 
cellular damage contributing to ageing has a long and distinguished history. This ‘free 
radical theory of ageing’ assumed that high metabolic rate would increase the production 
of ROS, which would go on to cause damage to cellular components and ultimately lead to 
ageing and disease. It is this theory that led to the popularity of antioxidants as a health 
product. It is still a widely accepted hypothesis that the increased lifespan granted by 
restriction of nutrient intake fits with the free radical theory of ageing: less food intake 
would reduce the amount of respiration taking place, thus there would be fewer ROS 
generated and health and longevity would improve as a result [152]. 
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However, in recent years there has been a significant accumulation of evidence that 
undermines this view. It emerges that, in contrast to being passively damaging molecules 
generated solely as a by-product of oxidative phosphorylation, ROS can be a signaling 
molecule that can activate cells to marshal stress resistance responses [101,102]. 
Furthermore, there is evidence that longevity is not tied to the lowering of metabolic rate. 
In Drosophila melanogaster, it was discovered that metabolic rate is not reduced by caloric 
restriction at all [153], while in C. elegans, it emerged that caloric restriction actually 
increases metabolic rate [154]. A growing body of evidence suggests that low levels of 
ROS exposure, either generated intrinsically or administered extrinsically, actually 
increase lifespan and stress resistance, in a model that was defined in 2006 as 
‘mitohormesis’ [61,102,155–157]. It appears that sub-lethal amounts of ROS constitute 
cellular signals that induce adaptive response programs, including antioxidant enzymes 
and oxidative damage repair genes, that result in both stress resistance and longevity 
[101,102].  
ROS signals generate protective responses that result in both 
longevity and stress resistance, regardless of the source of the 
ROS. 
Discussed here are several studies that support the concept of mitohormesis in longevity 
and stress resistance. Of particular note is that the relevant ROS signals are generated 
both when mitochondrial activity is increased, and when it is inhibited. In both cases, it is 
specifically the generation of a ROS signal that results in increased stress resistance and 
longevity. 
A recent paper by Shulz et. al. demonstrates that the inhibition of glycolysis increases 
lifespan and stress resistance by increasing mitochondrial activity, raising ROS, and 
thereby triggering protective responses [158]. They treated C. elegans with 2-deoxy-D-
glucose (DOG), a chemical that interferes with glycolysis by competing with glucose. They 
found that mitochondrial respiration as measured by oxygen use was induced, and ROS 
levels increased. These worms are long lived. Nematodes with impaired glycolysis also 
became resistant to chemicals that increase ROS levels, paraquat and sodium azide. Both 
the increased lifespan of glycolysis-impaired nematodes and their ability to resist ROS 
stress was removed when worms were grown in the presence of antioxidants, 
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demonstrating that it is the generation of the ROS signals themselves that induce the long 
lived, resistant state 
Mild disruption of mitochondrial function leads to extended longevity in multiple model 
organisms. C. elegans lifespan is extended by the mutation of many mitochondrial genes 
[159], of which the best studied are  nuo-6, isp-1, and clk-1, which encode a subunit of 
ETC complex I, a subunit of ETC complex III, and a hydroxylase essential for synthesis of 
coenzyme Q respectively [160–162]. Despite ROS being produced endogenously by ETC 
activity, recent studies show that inhibition of mitochondrial respiration paradoxically 
increase the amount of ROS produced, and it is this ROS generation that increases 
lifespan and stress resistance [163].  
Thus, both artificially increased mitochondrial activity and artificially decreased 
mitochondrial respiration both increase lifespan and stress resistance, with an increase in 
ROS being the common mechanism in both cases [164]. 
Recently, C.elegans daf-2 mutants, which have constitutively impaired IIS signaling, were 
discovered to produce a constitutive ROS signal that is heavily involved in that strain’s well 
studied and dramatic lifespan increase and stress resistance phenotypes [165]. Daf-2 
nematodes are very long lived [92,93], and highly resistant to exogenous ROS stress [75]. 
The impaired IIS signal is known to induce an increased metabolic rate in the strain [166], 
however Zarse et. al. [165] discovered that ROS levels are significantly and constitutively 
reduced, but the activity of ROS protective enzymes such as SOD and catalase was 
increased. Sense of this paradoxical result was made with the discovery that an acute 
disruption of DAF-2 activity in wild type nematodes by timed feeding of adults with 
RNAi(daf2) produced an increase in ROS. Crucially, after 48 hours of treatment, the 
increased ROS levels caused the induction of SOD and catalase activity, which in turn 
reduced ROS levels down to the lower levels seen in constitutive daf-2 mutants. It appears 
that the ROS signal itself is crucial to the enhanced lifespan and stress resistance of daf-2 
nematodes, as both the constitutive induction of SOD and catalase and 60% of the 
lifespan phenotype in this strain can be countered by administration of antioxidants.  
In addition to the cases discussed above, an increase in endogenous ROS has been 
implicated in increased longevity in multiple other cases, including low-dose arsenite 
exposure [167], and response to the glycolysis inhibitors lonidamine [168], and D-
glucosamine [169]. 
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Very recently, it was discovered that DAF-16 activity underpins the ability of ROS signals 
to increase lifespan and stress resistance, at least in the case of inhibition of mitochondrial 
function [170]. Senchuk et. al. demonstrated that nuo-6, isp-1, and clk-1 mutants 
discussed above have increased levels of DAF-16 nuclear localization, that they display a 
gene expression pattern that overlaps the DAF-16 expression profile, and that their 
longevity phenotypes are DAF-16 dependent. Reduction of the ROS signal that is present 
in these mutants through the administration of antioxidants counteracted the DAF-16 
expression profile. Furthermore, they demonstrated that the artificial increase of ROS 
levels through administration of paraquat or juglone causes DAF-16 nuclear localization. It 
was known previously that treatment with paraquat or juglone increases longevity in a 
DAF-16 dependent manner [61]. Taken together, this is strong evidence that the longevity 
and stress resistance phenotypes seen in these mitochondrial mutants are the result of 
DAF-16 coordinating the cellular response to elevated ROS levels, and gives good reason 
to speculate that many of the effects attributed to mitohormesis may have DAF-16 activity 
as a common mediator. As seen in our results in chapter 2, dld-1 mutant worms fit this 
model as well, having both constitutive nuclear localization of DAF-16, and possessing 
significant overlap with the DAF-16 transcriptional profile. There has even been evidence 
that dld-1 worms display lowered ROS, similar to the pattern of ROS levels/damage 
described above for daf-2 [29,165] 
The protective effect of mitohormesis takes days to fully activate, 
explaining the role of constitutive mutations. 
The mitohormetic response to ROS signaling can take time before it is fully active, 
providing an explanation for why mitohormesis is observed more reliably from constitutive 
mutation than from transient interventions.. Schulz et. al. observed that oxidative stress 
defence in DOG treated nematodes was slow to initiate, specifically that catalase activity 
(the only antioxidant enzyme they found to increase in activity) was increased only after 6 
days of DOG treatment [158]. Also, Zarse et. al. observed that the induction of 
endogenous ROS defence enzymes in nematodes with acutely impaired IIS only occurred 
after 48 hours of increased ROS levels. This has important implications for the 
mechanisms of phosphine resistance we discussed in chapter 2, where we see the genetic 
interventions of dld-1 and daf-2 nematode strains granting a much higher level of 
resistance than induced resistance by heat stress. It is also much higher than the 
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preconditioning effects studied recently by Alzahrani et. Al, who assessed preconditioning 
after only 5 hours [30], which would not have allowed adequate time for the protective 
effect of mitohormesis to fully instantiate.  The phosphine resistant dld-1 mutant did not 
show any heat shock preadaptation, but as the mutant worms exhibit constitutive nuclear 
localisation of DAF-16, this would indicate constitutive mitohormesis resulting in 
continuous preadaptation.  
 
 
Conclusion: dld-1 achieves phosphine resistance by the 
constitutive activation of mitohormesis. 
Our broad hypothesis is that the constitutive activation of protective and repairing 
mechanisms is the common factor underpinning the phosphine resistance and longevity of 
both dld-1 and daf-2 animals. In the case of mitohormesis therefore, it makes sense that 
dld-1 worms, being possibly genetically predisposed to reduced activity of glycolysis and 
the krebs cycle, would have increased respiration and ROS signalling, and thus would 
have strongly activated ROS defensive mechanisms at all times which preadapts them to 
ROS damage by phosphine. The evidence presented in chapter 2, that dld-1 worms have 
constitutively active DAF-16 activity and a DAF-16 like expression profile, and that DAF-16 
activity does indeed appear to contribute heavily to phosphine resistance, fits this model 
well. It would be of great interest to see if the administration of antioxidants is able to 
counteract the phosphine resistance of dld-1 worms and/or the nuclear localisation of 
DAF-16 in response to phosphine. 
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A model of resistance and lifespan coordinated through activation of DAF-16 by elevation of ROS 
 
 
 
 
 
 
MODEL 1: CELLULAR RESPIRATION AND DAF-16 UNDER NORMAL CIRCUMSTANCES 
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Supplemental table 1: raw data comparing .tif and .jpg format 
scans of the same plates.  
jpg  pre33 100 c 63 tif  pre33 100 c 73 
jpg  pre33 100 b 69 tif  pre33 100 b 70 
jpg  pre33 100 a 67 tif  pre33 100 a 66 
jpg  pre33 50 c 12 tif  pre33 50 c 16 
jpg  pre33 50 b 27 tif  pre33 50 b 26 
jpg  pre33 50 a 23 tif  pre33 50 a 25 
jpg  pre33 20 c 10 tif  pre33 20 c 16 
jpg  pre33 20 b 13 tif  pre33 20 b 18 
jpg  pre33 20 a 11 tif  pre33 20 a 10 
jpg  n2 100 c 23 tif  n2 100 c 30 
jpg  n2 100 b 16 tif  n2 100 b 18 
jpg  n2 100 a 13 tif  n2 100 a 19 
 
Appendix 1: Automated Wormscan installation and operation 
manual 
Setup guide. 
1: Download the file ‘Full Fiji Install’ from the Automated Wormscan google drive folder at 
https://drive.google.com/drive/folders/0B1hRPQ_g9sT1bmZIbm1WajRSY1E?usp=sharing 
2: Unzip the compressed file 
3: With File Explorer open, click and drag the ‘Fiji’ folder directly on the C: drive (i.e. not in 
any subfolder on the C: drive). See below if you cannot or do not wish to place the Fiji 
folder directly on the C: drive, or if you already have an installation of Fiji. 
4: Open the file ‘ImageJ-Win64’ (This will open ImageJ – for future convenience make a 
shortcut to this file at a location of your choosing) 
5: Click ‘Analyze > Set Measurements’ and ensure the following options are checked: 
 Area 
 Centroid 
 Perimeter  
Worm Counter is now installed 
6: Download and install the “Epson scan” software available at 
http://tech.epson.com.au/downloads/category.asp?sCategory=Scanner&id=perfectionv700
photo&SelOS=Y 
If you already have FIJI installed: 
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The plugins and macros that must be added to Fiji are in the folder ‘plugins and macros’ 
Place the following files in your Fiji/plugins directory: 
Image_Stabilizer.class 
Image_Stabilizer_Log_Applier.class 
Hysteresis_.class 
WormAnalysisProgram_.java 
SingleWormPlateAnalysis_.java 
 
Place the following file in your Fiji/macros directory: 
wormscanmastermacro.ijm 
 
Open Fiji and drag WormAnalysisProgram_.java onto the Fiji window to open it. At the 
very bottom of the plugin is a line that directs the program to the location of the counting 
macro. By default it is: 
C:\\Fiji\\macros\\wormscanmastermacro.ijm 
Note that double backslashes replace single forward slashes in FIJI This will need to be 
changed to the location of your Fiji install and saved. Repeat this process with 
SingleWormPlateAnalysis_.java 
 
If you must install Fiji at a location other than the C: drive. 
All plugins and macros are already present in the copy of Fiji we distribute. However, you 
will need to direct the two Automated Wormscan plugins to your chosen installation 
location as directed above  
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Make a black plateholder to the dimensions provided (File: Scanner Plate Holder.pdf). Do 
not omit the cutout (empty space) at the start of the plateholder (bottom on the schematic) 
as this is needed for the scanner to calibrate. Also, the crowding of the plates toward the 
centre of the plateholder is intentional, so adhere to the dimensions in (File: Scanner Plate 
Holder.pdf). For simplicity, plateholders can be obtained from Labpro Scientific, Australia 
(part number LPST12-1) sales@labproscientific.com. 
Place plates in the appropriate spaces. It is not necessary to fill every space.  
 
 
 
 
Record the plate labels of each plate, and the location each was placed. A simple table 
like the following is helpful: 
Experiment: 
Scan number: 
Filename: 
   
   
   
   
This cutout is essential for scanner calibration 

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Scanning guide. 
Ensure the scanner is plugged in and switched on before opening the Epson scan 
software.  
Ensure the Epson scan software is set up exactly according to the following screen 
capture: 
 
Click ‘preview’ and check that the image is satisfactory. 
To set the scanner to take 2 consecutive scans: 
1: Draw a selection box on the preview scan encompassing all 12 plate locations, 
regardless of whether they are filled.  
2: Click the ‘duplicate’ button 
3: Drag the resulting second box so that it precisely overlaps the first 
4: Click ‘All’ to select both marquees at once. 
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This will prime the scanner to take 2 consecutive scans. 
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Click ‘scan’.  
 
Ensure the file type is set to JPEG 
Your file name must be a single string (no spaces) of alphanumeric characters followed by 
a single space. 
Set the scan number to 000 
This will ensure that the image file names are in the format of a single string of characters 
followed by a space, followed by the numbers 000 and 001 respectively for the two 
sequential scans. This is necessary for the program to work. 
Note: If the filenames contain the letters ‘pre’ or ‘post’, then the excel spreadsheet will 
automatically place data from images labelled ‘pre’ next to images labelled ‘post’. For 
example, if a pre-treatment scan is labelled ‘James_Experiment1_pre ’ and its 
corresponding post-treatment scan is labelled ‘James_Experiment1_post ‘, the results 
from these scans will be placed side by side in the final spreadsheet. If you do not wish to 
use this feature, avoid the use of ‘pre’ and ‘post’ in your file names. 
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If using multiple scanners: 
We have found that the best way to run multiple scanners is to set up a windows user 
profile for each scanner. Once a scan is started for the first scanner using the first profile, 
switch to the next profile and initiate scanning with the second scanner using the same 
procedure that you used for the first scanner. Scanners associate themselves with the 
profile that is active when the scanner software is first run. This association can be reset 
by unplugging the scanners from the PC and restarting windows. High resolution scans of 
twelve 6cm plates takes about 10 minutes (20 minutes for 2 sequential scans). One 
person can easily operate more than 5 scanners at a time. 
 
Automated Wormscan running guide. 
Click ‘Plugins > WormAnalysisProgram’ 
Set your hysteresis and size exclusion settings. The program defaults should be sufficient 
for L3, L4 and adult C. elegans. 
If your analysis requires non-standard settings . . . 
The level at which hysteresis is set determines the sensitivity of detection, while the 
difference between the high and low setting influences the threshold at which two 
regions of interest are considered separate. Lowering the hysteresis settings will 
result in the program being more sensitive to movement, but also increases the 
likelihood that it may pick up mobile dust, fibre, condensation, or worm trails. 
Conversely, raising them may help the program ignore such objects while 
increasing the possibility that smaller or less active worms may be overlooked. 
Note: condensation on the petri dishes, overly thick media, or overly thick 
bacterial lawns can produce blurry scans. Lowering the hysteresis settings to 
15 high / 10 low, or even as low as 8 high / 5 low can help the program 
produce an accurate count of such a plate. 
The size exclusion settings determine the minimum and maximum size of mobile 
objects that are to be considered as worms. The default settings exclude only 
objects a few pixels in size. An example of when it may be useful to change this 
setting is if there are unwanted juveniles on the plates. Raising the minimum 
allowable size would help exclude these from consideration. 
The precise range at which hysteresis and size exclusion operate will differ 
depending on experimental conditions. Some trial and error may be needed for 
plates that diverge from standard conditions. The individual plate counting plugin is 
useful for this purpose (see below) 
Click OK, and you will then be asked to select a folder in which the scanned images are 
held. This folder should be located on the main drive of the computer running Automated 
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WormScan (i.e. not on thumb drives or external drives). The folder should contain scans 
only. 
The program will now run. It is recommended that the computer not be used for any other 
purpose during this time. 
On completion, the folder that held the original scans will now contain 3 sub-folders. 
‘Results’ will contain an excel spreadsheet for each plate with the worm count for that plate 
and the perimeter data for each worm. ‘Single Images’ contains the images of each plate 
cut out from the original scan. These can be used if desired to re-count using different 
settings without having to run the entire macro again (see below for instructions). 
‘Movement Comparison’ contains TIFF stacks with a region of interest overlay. These are 
useful to review the program’s counting decisions by eye. 
Note: if a user wishes to run the entire count again on the same images, these sub-folders 
must be deleted, or the original scans must be copied to a new folder. The program can 
only be run on a folder that contains only scans. 
To re-count one or more individual plates after the first run of the program: 
Users may wish to re-count one or more individual plates using different settings. Rather 
than re-running the entire Worm Counter plugin, the ‘SingleWormPlateAnalysis’ plugin can 
be used. Place the image pairs that are to be recounted in their own folder. It is fine to 
include multiple image pairs, or pairs from different scans, provided that the two images for 
each plate are both present. Run the ‘SingleWormPlateAnalysis’ plugin. Results will be 
generated in the same fashion as the main plugin. 
Excel Mastersheet guide. 
Open ‘Wormscan Mastersheet.xls’. This is write-protected, so immediately save a copy 
under a new filename associated with the experiment. Once it is saved, you will be able to 
manipulate the new copy of the Mastersheet. 
Ensure macros are enabled (excel will give a warning if this is not the case). 
Click the ‘import results’ button. 
Direct the program to the ‘results’ folder of a completed Automated Wormscan process. 
The filenames and mobile worm counts of all the plates from that folder will be imported in 
alphanumeric order of the filename of each scan, and within each scan from top left plate 
to bottom right plate. Microsoft Excel treats a number within a name as text. As a result, 
ordering of names may be counterintuitive. For example, results from images from a scan 
labelled ‘experiment1scan10’ will be listed before results from a scan labelled 
‘experiment1scan1’. It may be necessary to account for this when entering plate labels 
(e.g. use “experiment1scan01” instead of “experiment1scan1”.) 
If the string ‘pre’ or ‘post’ was included anywhere in the filename, scans will be sorted 
appropriately to the pre-treatment and post-treatment columns of the Wormscan 
Mastersheet. The plate labels are then manually entered into the tables provided on the 
left of the spreadsheet. If the plates were organised systematically, you can use the 
outermost boxes to autocomplete the cells of the table. In the example, the strain names 
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were entered in the left hand column and treatments were entered in the topmost row. The 
individual cells of the chart were then automatically filled. The labels from the table are 
automatically copied to the data spreadsheet. With sensible organisation of plates in the 
scanner, the autofill functions of the Excel Mastersheet can dramatically simplify labelling 
and decrease the possibility of inadvertent errors. 
 
  
Appendix 2: BIOL3380, a tertiary course operating at the 
University of Queensland making heavy use of the high-
throughput C. elegans assay system Automated Wormscan 
 
BIOL3380 
 
 
 
Week 4 
 
Background 
We have used ethyl methane sulfonate (EMS), which is a chemical mutagen, to generate 
mutant strains of C. elegans. The mutants that we have selected are resistant to either 
phosphine (PH3) or hydrogen sulfide (H2S). These strains are completely uncharacterised 
and similar mutants have not been generated anywhere else in the world. In this module of 
BIOL3380, each of you will begin to characterise one of these mutants.  
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If you wish, you can also identify the actual nucleotide change that is responsible for the 
phenotype. 
  
Hydrogen sulfide 
Hydrogen sulfide is a foul-smelling, toxic gas, but it is also a biologically active molecule 
that is more abundant in the brain than in any other tissue of the body.  H2S is able to 
suppress the rate of aerobic metabolism and, in some animal species, can induce an 
immediate state of suspended animation – a diapause-like state similar to torpor 
(Blackstone et al., 2005; Budde and Roth, 2011). H2S is proposed to protect the brain 
against damaging oxidative byproducts of metabolism, which are likely to be unusually 
abundant in the brain due to the high rates of respiration required to meet the high energy 
requirements of the brain. H2S may also protect against the ischaemia-reperfusion injury of 
stroke. 
Recovery from suspended animation relies on the hypoxia-inducible transcription factor, 
HIF-1. It is likely that the suppressed metabolism of suspended animation results from 
suppression of aerobic respiration in favour of glycolysis. While animals are able to 
recover from suspended animation with no ill effects, high doses of H2S are lethal.  
Resistance to lethality also results from constitutive activation of HIF-1. 
A final interesting feature of the bioactivity of HIF-1 is that a lethal concentration of H2S 
applied for a brief, non-lethal period of time induces a state of stress resistance. This is 
referred to as pre-conditioning. Thus, animals exposed to a concentrated pulse of H2S can 
survive in low oxygen or unusual temperatures for greatly extended periods of time  
(Blackstone and Roth 2007, Miller and Roth 2007, Chan et al. 2010). 
  
Phosphine 
Phosphine (PH3) is a toxic gas that kills organisms that are actively engaged in aerobic 
respiration (Nath et al. 2011). The rate of aerobic respiration is correlated with PH3 toxicity. 
We have discovered a phosphine resistance mutation in the dld-1 gene  
(Schlipalius et al. 2012). The DLD-1 enzyme is an enzyme of aerobic respiration and is 
also a key regulator of aerobic respiration. The phosphine resistance mutation in the dld-1 
gene results in a constitutively suppressed rate of aerobic respiration (Zuryn et al. 2008). 
The H2S resistance mutation that causes HIF-1 to be constitutively activated results in 
cross-resistance to PH3.  As I explained above, constitutive activation of HIF-1 results in 
suppression of aerobic respiration.  
Goals for Module 2 
In this project, we will characterise mutant strains of C. elegans that have been selected 
for either phosphine or hydrogen sulfide resistance. These are new mutants that have not 
previously been characterised. You will be quantifying the resistance of these strains 
against the chemical used for selection as well as cross-resistance to the other chemical. 
[For example, if a mutation has been selected as allowing survival under 600 parts per 
million (ppm) hydrogen sulfide, you will carry out mortality testing on a range of H2S 
concentrations to more accurately determine the actual level of resistance. You will also 
carry out mortality testing against a range of PH3 concentrations to determine whether the 
mutation results in cross-resistance to the other gas.] You will also introduce a stress 
marker gene linked to GFP [You can choose either hsp-16.2::GFP or daf-16::GFP.] to 
allow you to monitor the stress response in living animals using fluorescence microscopy. 
You will also cross your mutant strain with a mapping strain that will allow you to identify 
the affected gene and the specific nucleotide in the genome that is responsible for the 
phenotype. It takes too much time to generate high throughput DNA sequencing data for 
us to get this result before the end of the semester, but we will be happy to show you how 
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to map your gene once you are done with your exams for the semester. If time permits, 
you may be able to measure the respiration rate of the mutants or photographically 
monitor their recovery from suspended animation. 
  
Activities for today 
  
Establishing single founder strains 
Pick a single hermaphrodite worm to each of three nematode growth medium plates 
seeded with bacteria. 
Use syringe needle as a “worm pick” 
We have 5 microscopes with the oblique lighting required to see the worms 
  
Be sure to record the strain code!!! (e.g. 21 H2S 400ppm 2x  DLD) This code indicates that 
mutant isolate number 21 was selected for resistance to hydrogen sulfide at a 
concentration of 400 parts per million two times. Remember that the strain that was used 
to generate all these mutants already carries a phosphine resistance mutation in the dld-1 
gene. 
  
I recommend that you pick 3 worms (1 each to 3 plates) in case you damage any of them 
during transfer. 
  
  
Recipes for the following can be found online. (The wormbook chapter on worm  
culturing by Stiernagle.) 
  
M9 buffer 
Make 1 litre of M9 buffer in a 1 litre bottle 
**** Do not add MgCl2 yet **** 
Then dispense 250 ml to each of 4 bottles 
Put a small piece of autoclave tape on each lid 
Autoclave 
Be sure to add 250 ul of 1M MgCl2 solution before use. It will be useful to note this on the 
label. 
 
  
NGM medium 
Make 800 ml of NGM medium (minus agar) in a 1 litre bottle  
**** Do not add the agar yet **** 
Dispense 200 ml to each of four 250 ml bottles 
Then add the agar. 
Put a small piece of autoclave tape on each lid 
autoclave 
  
  
Experimental plan for the entire module 
  
Week 4 
Tuesday 
Pick single worm to establish single founder strains. 
Identify males and females 
Make NGM and M9 buffer (autoclave in several bottles each) 
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Week 5 
Tuesday 
Cross mutant to GFP strain & mapping strain 
Cross dld-1 to GFP strain  
Bleach to harvest eggs from control strains: N2 and dld-1 
   N2 is the fully susceptible wild type strain 
   dld-1(wr4) is the phosphine resistant strain that was subjected to mutagenesis 
Plan PH3 response curve 
Pour NGM plates & inoculate with E. coli strain OP50 
  
 
 
Wednesday  
Count and plate L1 worms (label each plate with ID #, replicate letter, type of gas, 
concentration) 
Freeze surplus L1 larvae at -80°C in special freezing medium. (4 tubes per strain) 
  
Tim and Paul will count live/dead nematodes from your fumigation experiments. 
 
  
Week 6 
Tuesday 
Bleach to harvest eggs from mutant and dld-1 strains 
Plan H2S response curve 
Pour NGM plates & inoculate with E. coli strain OP50 
Confirm worm counts (live/dead) from PH3 experiment from previous week 
Plot data and produce perfectly labelled graphs 
**** 
If required, make additional plates to repeat failed PH3 response curve. 
If required, repeat failed crosses 
**** 
Wednesday  
Count and plate L1 worms (label each plate with ID #, replicate letter, type of gas, 
concentration) 
Freeze surplus L1 larvae at -80°C is special freezing medium. (4 tubes per strain) 
  
Two week break 
Tim and Paul will count live/dead nematodes from your fumigation experiments and will 
fumigate the progeny of your crosses. 
  
Week 7 
Tuesday 
Thaw one of your frozen strain tubes and plate on NGM to check for viability. 
Conduct stress assays on your mutant + GFP lines & monitor using fluorescence 
microscope 
Extract DNA for high-throughput sequencing for gene mapping 
Confirm worm counts (live/dead) from H2S experiment from previous week 
Plot data and produce perfectly labelled graphs 
**** 
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Repeat failed experiments OR plan to carry out an optional PH3  + H2S response curve 
If required, bleach to harvest eggs from mutant and dld-1 strains 
Pour NGM plates & inoculate with E. coli strain OP50 
**** 
Wednesday  
Count and plate L1 worms (label each plate with ID #, replicate letter, type of gas, 
concentration) 
Refreeze strain if required 
  
Week 8 
Tuesday 
Confirm worm counts (live/dead) from experiment from previous week 
Plot data and produce perfectly labelled graphs 
Carry out an additional test: 
Acute heat stress, respiration rate, recovery from suspended animation 
Bring a draft of your report to class for feedback. All figures should be perfectly 
presented and labelled with informative and concise legends!!! 
  
 
  
Week 5 
Specific background 
The motivation behind the work in my lab is to protect grain from insect pests. Phosphine 
(PH3) is a deadly, gaseous toxin that decomposes to phosphate (PO4
-), which is a nutrient. 
So despite being deadly toxic in one form, it becomes spontaneously oxidized to a 
completely benign compound. In 2003, my lab identified a novel mutation in C. elegans 
that not only makes C. elegans resistant to phosphine, but also extends their post-
reproductive lifespan (in the absence of phosphine) by 30% (Cheng et al., 2003). Both 
phenotypes also can be achieved by epigenetically suppressing the dihydrolipoamide 
dehydrogenase (dld-1) gene expression through RNAi, so it appears that the effect of this 
mutation arises when DLD enzyme activity is low. We also discovered that the dld-1 gene 
sequence is mutated in insect pests of stored grain that are strongly resistant to 
phosphine. There is considerable interest in understanding the phosphine resistance 
mutation to maintain access of Australian grain to international markets and to safeguard 
global food security. 
While dld-1(wr4) makes C. elegans resistant to phosphine, we only partially understand 
the mechanism. Phosphine toxicity is proposed to occur via disruption of energy 
metabolism, triggering the generation of oxidative stress or neurotoxicity. The dld-1(wr4) 
mutation suppresses aerobic respiration, which decreases phosphine induced oxidative 
stress as well as neurotoxicity. It is likely that phosphine resistant insect pests are similarly 
affected.  
The mutant strains that you are characterising have been created in the dld-1(wr4) mutant 
background. Thus, they will all carry the dld-1(wr4) mutation as well as the novel mutation 
that either increases resistance to phosphine (PH3) or that causes resistance to hydrogen 
sulfide (H2S). The rationale for creating a mutation in an already mutant strain is that 
phosphine resistant insects in the field will also carry a mutation in their dld gene. We wish 
to identify mutations that increase resistance to phosphine as that will allow us to 
anticipate what will occur next in pest insects.  
Okay, studying phosphine resistance makes sense, but why are we interested in hydrogen 
sulfide toxicity. It turns out that sulfide compounds are potent synergists of phosphine 
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toxicity, a feature that may be extremely useful in pest control. As a result, we want to 
know the mechanism of toxicity of hydrogen sulfide as well as potential resistance 
mechanisms that may arise in pest insects if sulfide related compounds are deployed 
commercially. The rationale for creating a mutation in an already mutant strain is the same 
as above. Phosphine resistant insects in the field will already carry a mutation in their dld 
gene. 
  
Use of GFP strains 
Expression of a gene that is tagged with GFP can be monitored with sub-cellular resolution 
in living animals using fluorescence microscopy because the worms are transparent. The 
versatility and power of GFP in C. elegans has meant that it is usually preferred over other 
methods of investigating the location of gene product activity, such as in situ hybridisation 
and immunohistochemistry. In your project, you will use the GFP reporter gene driven by 
either of 2 stress response promoters, daf-16::GFP or hsp-16.2::GFP. The daf-16 
construct is actually a protein fusion, so the GFP tag will act under the influence of the daf-
16 protein. You should be able to watch the daf-16 protein migrate to the nucleus under 
stress by monitoring the green fluorescence of the GFP. These constructs will allow us to 
observe whether your mutations alter the stress response. 
  
Introducing GFP into your mutant lines requires you to set up crosses between males and 
hermaphrodites. This picture will help you to distinguish between the two.  
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Males can also be observed by their behavioural characteristics. The unique behaviour 
allows you to rapidly scan a very large number of worms and spot males quickly. 
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Generating synchronised worms for mortality assays 
We generally use age synchronised populations of worms when we conduct toxicity 
assays. Synchronisation is readily achieved by harvesting eggs and allowing them to hatch 
overnight in the absence of food (bacteria). When we feed them the next morning, they all 
begin to grow at the same time, from the same point of development. The protocol can be 
found in the protocols section.The assay for phosphine action is straightforward - death. 
Tim has developed an automated system to monitor C. elegans death that makes this 
simple assay very powerful (Puckering et al., 2017). Tim and I will carry out the scanning 
later in the week. 
 
  
Activities for today 
Harvesting eggs from gravid hermaphrodites of the fully susceptible wild type strain, N2, 
as well as the phosphine resistant strain, dld-1(wr4). The protocol for harvesting eggs is 
provided in chapter 7. 
Pouring NGM plates and seeding them with a slow-growing bacterial strain, OP50. This 
bacterial lawn serves as food for C. elegans. 
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Setting up crosses of your mutant with either a fluorescent GFP strain or with a strain used 
for gene mapping. Also, you will cross the dld-1(wr4) strain with a GFP strain (either daf-
16::GFP or hsp-16.2::GFP). 
Group meeting: be back from lunch at 1pm sharp for group meeting. Be prepared to take 
notes as you will need the information from your classmates to write up your report. You 
can look it all up yourself, but it will be much easier to just take notes. 
 
 
Week 6 
  
Specific background 
Today, we will set up an experiment to allow us to compare the phosphine resistance 
phenotype of your mutant strain to the control strain, dld-1(wr4). We will also plot the last 
from last week so that you can compare the basal tolerance of the N2 strain to the 
resistance of dld-1(wr4). A typical way to report resistance is as the resistance factor, 
which is simply (the LC50 of the mutant)/(the LC50 of N2). After lunch, we will discuss the 
introduction section of your report. 
Activities for today 
Havesting eggs from gravid hermaphrodites of your mutant strain. Tim will harvest eggs 
from the control strain, dld-1(wr4). We will use dld-1(wr4) as our control as it is the strain 
from which your mutants were derived. We don’t need to use the susceptible N2 strain any 
longer as it was the strain from which dld-1(wr4) was derived. The protocol for harvesting 
eggs is provided in chapter 7. 
Pouring NGM plates and seeding them with OP50. 
Setting up crosses of your mutant with either a fluorescent GFP strain or with a strain used 
for gene mapping. Also, you will cross the dld-1(wr4) strain with a GFP strain (either daf-
16::GFP or hsp-16.2::GFP). 
 
Week 7 
  
Specific background 
Today, we will set up an experiment to allow us to compare the hydrogen sulfide 
resistance phenotype of your mutant strain to the control strain, dld-1(wr4). We will also 
plot the data from last week so that you can compare the resistance of your mutant to the 
resistance of the dld-1(wr4) parental strain from which your mutant was generated. After 
lunch, we will discuss the graphical presentation of your data. 
Activities for today 
Harvesting eggs from gravid hermaphrodites of your mutant strain. Tim will harvest eggs 
from the control strain, dld-1(wr4).  
Pouring NGM plates and seeding them with OP50. 
  
 
Week 8 
  
Specific background 
So far, I have simply referred to resistance and sensitivity to or H2S. Your data will be able 
to give you additional insight into how these gases interact with the mutation in your strain. 
The first factor that we evaluate are the LD50 (the dose of gas that is lethal for 50% not the 
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animals). In the case of phosphine, the LD50 (concentration x time of exposure) varies 
dramatically within any strain because the influences of time of exposure and 
concentration of gas on mortality are very different. Therefore, instead of referring to an 
LD50, we use LC50 (the concentration of gas that is lethal for 50% not the animals) and we 
define the time of exposure, which for us is 24 hours. We then calculate the resistance 
factor, which is (the LC50 of the mutant)/(the LC50 of the wild type strain). The relationship 
between mortality and PH3 concentration is not linear.The second factor that we evaluate 
is the slope of the curve. The slope of a curve is calculated as (the change in Y)/(the 
change in X) across the linear portion of the graph. In our case, if the slope is very steep (a 
large number), mortality goes from 0 to 100% with very little increase in the concentration 
of the gas. This is a very different scenario than a shallow slope, which indicates that a 
large increase in the amount of gas applied is required to achieve each incremental 
increase in mortality. A third factor is whether an increase in gas concentration results in 
(or is likely to result in) 100% mortality. If it is not possible to reach 100% mortality, it may 
be that a resistance mechanism was rapidly induced following exposure that managed to 
protect a portion of the animals. Alternatively, it may mean that a portion of the population 
was already in a physiologically resistant state prior to exposure to the gas. It could also 
mean that the mechanism of toxicity was saturated, so that any additional gas that was 
applied was simply not toxic. A fourth factor to look for are irregular changes in the 
response to the toxin. This indicates that there are likely to be multiple mechanisms of 
resistance/toxicity. Animals respond to mild stress by adjusting their physiology. Animals 
may respond to extreme stress by going into a deeply dormant state that can protect them 
from a wide range of insults. There are a wide variety of intermediate possibilities, many of 
which are very poorly understood. We know that heat shock can induce phosphine 
resistance and we also know that hypoxic metabolism can protect against both PH3 and 
H2S. We also know that a sublethal exposure to PH3 can sensitise animals to a 
subsequent exposure to PH3 and that resistant animals can sometimes survive extremely 
high concentrations of phosphine better that moderate concentrations. These are some of 
the poorly understood phenomena. Below is a graph from a PhD student from the ebert 
laboratory, Saad Alzahrani, that nicely illustrates several points. He was testing the 
response to a range of doses of arsenite in the presence of 70 ppm phosphine. Under 
these conditions, we see that the dld-1(wr4) strain is more sensitive that the wild type N2 
strain (i.e. the resistance factor is <1). We also see that at high concentrations of arsenite, 
the NL147 mutant strain is much like wildtype, but that at low concentrations of arsenite, 
the animals are hypersensitive. It turns out that the NL147 mutation disrupts an efflux 
pump that expels arsenite from the cell. It would seem that this pump is only effective 
against fairly low concentrations of arsenite under these experimental conditions. 
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Activities for today 
Rescue your frozen strains from last week. 
Test your GFP strains for heat shock induction. 
Evaluate your data. 
 
Weeks 7 & 8 
  
It will likely be helpful, in your attempt to interpret your data, for you to see the results of 
your classmates. The strains may seem chaotically ordered in the graphs, but I decided to 
retain the order in which they were scanned in case you needed to go back to the scans or 
spreadsheets to confirm anything. I produced the image to assist you in interpreting the 
data, but if you find it necessary, you can copy and paste any of these images into your 
own report. I will excuse the less-than-ideal formatting of these images, if you decide they 
are important to your report. (Don’t just include them to flatter me. This is science, not 
politics. I won’t become emotionally unstable and unleash a tweetstorm if you don’t use 
them, but I might mark you down if you include them for no purpose.)  
To interpret the graphs below, you will need to recall how the various strains were initially 
selected. The table below summaries the background for all of the strains. 
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Table 1. Assigned strains and the dose at which each strain was initially  
selected following mutagenesis. 
 
 
Controls experiments - week 6 
The following is the initial control experiment (Figure 1). Everyone carried out a single  
replicate and then combined their results with 2 other class members. As a result, your  
graph may look somewhat different, but it should at least look similar. 
 
 
 
Figure 1. Phosphine resistance response of the dld-1(wr4) parental strain  
from which your mutants were selected. For reference, the fully susceptible  
wild type strain, N2, is also included. 
 
 
PH3 resistance - week 7 
If you recall, some phosphine experiments were carried out in week 6 and the results were 
returned in week 7. Not everyone had good yields of L1 larvae, so not all experiments 
were carried out at that time. The following plot (Figure 2) includes all strains for which 
data was available in week 7. I set maximum survival at 100% to avoid the problem of 
progeny production. (This is a quick hack that works for a prac class, but is not ideal for 
publication. You can confirm that your survival is truly 100% by reviewing the pictures that 
are retained in the program for each plate, to confirm that there are no dead adults 
present) 
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Figure 2. Phosphine resistance testing of half of strains. 
You will note that strong selection with phosphine gave the most strongly phosphine 
resistant strains. If anything, selection for H2S resistance resulted in susceptibility to 
phosphine. Selection at the low phosphine dose (2500 ppm) did not result in a resistance 
phenotype, except perhaps at high phosphine concentrations. Do remember, however, 
that the mutants were selected at all life stages simultaneously, whereas these 
experiments were carried out on age-synchronised young adults. It will be useful to retest 
in a mixed-age population, strains that appear to be similar to the dld-1(wr4) parent in the 
adult resistance assay. 
 
 
PH3 resistance - week 8 
In week 8 we got data for the phosphine resistance of the remaining strains (Figure 3). 
Two strains from week 7 were re-analysed in this experiment, the control (dld-1) and the 
phosphine hyper-sensitive strain (29). While we saw the expected level of hyper-sensitivity 
of strain 29, the dld-1 strain acted as if it was unusually resistant to phosphine. All strains 
were fumigated in the same chambers, so it is unlikely to reflect different levels of 
exposure to phosphine. 
 
 
 
Figure 3. Phosphine resistance testing of the remaining strains . 
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H2S resistance - week 8 
The final experiment that we did was to test the mutant strains for resistance to hydrogen 
sulfide. Everybody got results for this experiment. The response to hydrogen sulfide is very 
different from the response to phosphine.  Whereas the response to phosphine occurs 
across a very broad range of gas concentration, the change from 100% survival to 100% 
mortality occurs across a few hundred ppm of hydrogen sulfide. If you look at the graph 
below, you will see that, except for a single anomalous strain, they all showed 100% 
survival at 200 ppm hydrogen sulfide, but 100% mortality at 600 ppm (Figure 4) 
 
 
 
 
Figure 4. Hydrogen sulfide resistance testing of strains. 
Strain 29 was selected under very high hydrogen sulfide concentrations and shows a 
strong phenotype. Strain 12* was selected under a high concentration of H2S as well, but 
appears to show sensitivity to H2S. If you look at the error bars, however, you would want 
to be careful not to put this forward as a strong possibility, but rather as an observation 
that would be interesting to repeat.You may wonder what the heck is happening with strain 
8 at 8000 ppm. The error bars indicate that this result should also be interpreted with 
caution. If you recall, Akbor had a similar result when his strain was exposed to phosphine. 
He repeated the experiment and got a more conventional outcome. The same outcome is 
likely with strain 8, but the results shown in the figure indicate that the experiment is worth 
repeating. To help you to visualise more clearly how the strains compare to each other, I 
have plotted the outcome of testing at 400 ppm phosphine (Figure 5). Included in the 
figure is the concentration of hydrogen sulfide used to select the mutant strains. If the 
strain is not listed, it was selected for phosphine resistance. 
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Figure 5. Survival of strains at 400 ppm H2S. 
 
Protocols and recipes 
 
Protocol 1. Preparation of NGM plates 
• Equipment and Reagents for 1L 
o 3g NaCl 
o 17g Agar 
o 2.5g Peptone 
o 5 mg/ml cholesterol in ethanol (Do not autoclave!) 
o 1 M KPO4 buffer pH 6.0 (108.3 g KH2PO4, 35.6 g K2HPO4, H2O to 1  
litre) 
o 1M MgSO4 
o 1M CaCl 
o Petri plates 
o Peristaltic pump 
• Methods 
1. Mix 3 g NaCl, 17 g agar, and 2.5 g peptone in a 1 litre Schott bottle. Add H2O  
to 1L. Autoclave in liquid sterilisation cycle. 
2. Cool flask in 55°C water bath for 15 min. 
3. Add 1 ml 1 M CaCl2, 1 ml 5 mg/ml cholesterol in ethanol, 1 ml 1 M  
MgSO4 and 25 ml 1 M KPO4 buffer. Swirl to mix well. 
4. Using sterile procedures, dispense the NGM solution into petri plates  
using a peristaltic pump. Fill plates 1/2 full of agar. 
  
Protocol 2: M9 buffer for worm transfer and storage 
• Equipment and Reagents for 1L 
o 3 g KH2PO4 
o 6 g Na2HPO4 
o 5 g NaCl 
o 1 ml 1 M MgSO4 
• Methods 
o Mix 3 g KH2PO4, 6 g Na2HPO4 and 5 g NaCl in a 1 litre Schott bottle. Add H2O  
                 to 1L. Autoclave in liquid sterilisation cycle. 
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Protocol 3. Bleaching for sterilisation and synchronisation. 
• Reagents 
o NaOH 
o 13% solution of sodium hypochlorite bleach 
• Methods 
1. Prepare 40mL bleach solution (5mL sodium hypochlorite bleach, dH2O to  
40mL, 800mg NaOH). Always make this solution fresh for each bleach. 
2. Use C. elegans stock plates that have many gravid  
hermaphrodites. Wash the plates with sterile M9. Pipet the M9 across  
the plate several times to loosen worms and eggs that are stuck in the  
bacteria. 
3. Collect the liquid in a sterile 5 ml conical centrifuge tube with cap.  
 Spin the tube in a table top centrifuge for 60 seconds at 1300 x g to  
pellet worms. 
4. Pipette away most of the M9 (do not discard animals) 
5. Add 7ml of bleach solution 
6. Shake well until worms have visibly disintegrated (5-15min). 
7. Spin the tube in a table top centrifuge for 60 seconds at 1300 x g to  
pellet released eggs. 
8. Remove bleach to <0.5 ml. At this stage and subsequent stages liquid can  
be poured away, taking care not to lose the egg pellet. 
9. Wash: add sterile M9 to 10 ml. Shake well, centrifuge 60 sec, pour off liquid. 
10. Repeat washing until worms have been washed in M9 three times. 
11. Suspend eggs in 5mL M9 and incubate on an orbital shaker overnight. 
12. The next day the eggs will have hatched and the larvae can be plated  
on NGM with bacterial lawns as required. 
 
 
 
 
